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Chapitre 1 
Supersymetrie 



1.1 Origine des theories supersymetriques 

Deux grandes classes de symetries sont a distinguer en Physique : Les symetries 
d'espace-temps (reunies dans le groupe de Poincare) et les symetries internes qui se 
classent en deux sous-categories, a savoir les symetries globales (saveur, chirale) et les 
symetries de jauge (couleur, electrofaible) . Les premieres tentatives d'unification de ces 
deux genres de symetries furent non relativistes. Ces modeles concernaient les quarks et 
rassemblaient le groupe SU(2) de spin et SU(3) de saveur dans un groupe SU(6). En 1967, 
Coleman et Mandula furent a l'origine d'un theoreme [1] qui est le plus precis et le plus 
puissant d'une serie de "no-go theorems" traitant des symetries possibles de la matrice 
S, dans le cadre d'une theorie quantique des champs : D'apres ce theoreme, si G est un 
groupe de symetrie connexe de la matrice S qui contient le groupe de Poincare, qui met 
un nombre fini de particules dans un supermultiplet et qui a des generateurs pouvant 
etre represented comme des operateurs d'integration dans l'espace des moments (avec des 
noyaux qui sont des distributions), si la matrice S n'est pas triviale et si les amplitudes 
de diffusion elastique sont des fonctions analytiques de s et t dans un voisinage de la 
region physique, alors G est localement isomorphique au produit direct du groupe de 
Poincare et d'un groupe de symetrie interne. En 1971, Gol'fand et Likhtman montrerent 
que l'algebre d'une extension du groupe de Poincare devait etre graduee afin de ne pas 
violer la connection entre le spin et la statistique [2]. Une algebre graduee comprend des 
generateurs Bi, appartenant a une algebre de Lie, et des generateurs Fi, obeissant a des 
relations d'anti-commutation entre eux et a des relations de commutation avec les Bi : 

[B h Bj] ~ B k , [B, t , Fj] ~ F k , {Fi, Fj} ~ B k . (1.1) 

Si Ton considere une extension du groupe de Poincare, les Bi representent les generateurs 
du groupe de Poincare (50(1,3) x Translations). La seconde relation permet a l'exten- 
sion obtenue de ne pas etre trivialement un produit direct entre le groupe de Poincare 
et le groupe associe aux generateurs F^. Ces generateurs Fi, ne commutant pas avec les 
transformations de Lorentz, changent le spin des particules. Les generateurs Fi possedent 
done un spin contrairement aux Bi, d'ou la notation (Bi pour bosonique et Fi pour fermio- 
nique). De plus, le theoreme de Coleman-Mandula supprime la possibility de prendre les 
Fi de spin entier. Ce nouveau groupe echange done les fermions et les bosons introduisant 
ainsi une nouvelle symetrie. Notons que cette symetrie Bose-Fermi a aussi ete introduite 
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en 1971 par Neveu, Schwarz et Ramond, dans des modeles de cordes pour les fermions. 
Haag, Sohnius et Lopuszanski prouverent ensuite que l'algebre de supersymetrie (ou super- 
algebre) etait la seule algebre graduee generalisant le groupe de Poincare, compatible avec 
une theorie quantique des champs [3, 4]. L'introduction de representations lineaires de la 
supersymetrie dans le contexte de theories quantiques des champs fut donnee la premiere 
fois par Wess et Zumino en 1974 [5]. Peu apres, Ferrara, Salam, Strathdee, Wess et Zumino 
inventerent le formalisme des superespaces et superchamps [6, 7, 8, 9, 10]. Depuis le debut 
des annees 1980, des efforts importants ont ete investis dans le developpement de la super- 
symetrie tant sur le plan experimental que theorique. Aucun partenaire supersymetrique 
d'une particule du Modele Standard, c'est a dire aucune particule supersymetrique, n'a 
cependant ete decouvert a ce jour. 



1.2 Algebre de supersymetrie 

Adoptons la notation suivante : C est l'operateur conjugaison de charge, rf 9 represente 
la metrique de Minkowski et enfin, ^ pv = |[7 M ,7"], ou les 7 M sont les matrices de Dirac. 
L'algebre de la supersymetrie s'ecrit alors : 

[M^, M pa \ = -i(r] pp M ua + fM w - r]^ M vp - rf p M^), 
[M pv ,P a ] = -i(r] pp P u -jfpp% 
[P P ,P U ] = 0, 

[M pv ,Qi] = l -WQ%, 

[P^QU = 0, 

{Qi, Qp} = -i^cup^ + 0^(11* + (i.2) 

Les P p sont les generateurs des translations : P M = —id 11 . L'indice a des Q l a est un indice 
spinoriel variant de 1 a 4 car les Q l a , generateurs de la supersymetrie, sont des spineurs 
de Majorana. L'indice i des Q l a distingue les differents generateurs. Dans le cas d'une 
supersymetrie a N generateurs, l'indice i varie de 1 a N. Les M pv sont les generateurs du 
groupe de Poincare : M pv = i(x p, d l/ — x u d p ') pour une representation de champ scalaire, 
et = ^pi pv pour une representation de champ spinoriel. Enfin, et V l i sont les 
charges centrales. 

Les trois premieres relations de Eq.1.2 ne sont rien d'autre que l'algebre de Lie du 
groupe de Poincare. Cherchons a expliquer la quatrieme relation qui d'apres Eq.1.1 est 
du type : 

[M^,Qi] = (^f a Q% (1.3) 

En utilisant Eq.(1.3) et Pidentite de Jacobi : [[B 1 , B 2 ], F 3 ] + [[B 2 , F 3 ], B±\ + [[F 3 , B^, B 2 ] = 
0, avec B x = M pu , B 2 = M pa et F 3 = Q^, on trouve : 

[b p \ b pa ] = -i{r] pp M UCT + ri va M pp - r] up M pcT - r] pa M up ). (1.4) 

Ce commutateur est celui des generateurs M pv . Ainsi, les b pv forment une representation 
de l'algebre de Lorentz pour les spineurs. Leur expression est connue et vaut : W = |7 M ^, 
d'ou la quatrieme relation. Par un raisonnement similaire, on obtient la cinquieme relation, 
qui montre l'independance des transformations de supersymetrie vis a vis des translations. 
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Nous reviendrons plus tard sur la derniere relation. Etudions une consequence importante 
de la cinquieme relation : Soit un champ scalaire z et son partenaire supersymetrique un 
champ spinoriel La cinquieme relation entraine : 

[P^, gj,] = 4» P 2 Q\\z >= Q\P 2 \z > & 
P 2 \^ >= Q l a (m 2 \z >) <^> m'\^>=m\^> <^> m = m '. (1.5) 

Ainsi, les particules membres d'un meme supermultiplet ont la meme masse. 
La transformation de supersymetrie infinitesimale d'un champ s'ecrit : 

5$ = i£ a Q a ^, (1.6) 

oil 5 represente la transformation infinitesimale de supersymetrie et £ a (a = 1,...,4), 
qui est un spineur anti-commutant (variable de Grassmann) satisfaisant a la condition 
de Majorana, est le parametre de cette transformation. Des variables de Grassmann £ a 
(a = 1, ...,4) sont definies par les proprietes d'anti-commutation suivantes, 

{£ 1 ,£ 2 } = 0, {£,Q} = 0, (1.7) 

oil £\ et £2 sont les parametres associes a deux transformations infinitesimales de super- 
symetrie. Notons que le parametre de transformation infinitesimale de supersymetrie £ a 
est independant de l'espace-temps dans le cas de la supersymetrie globale. Une trans- 
formation finie de supersymetrie sur un supermultiplet s'obtient par exponentiation de 
Eq.(1.6) : 

$' = exp{i£ a Q a )<$>. (1.8) 



1.3 Motivations de la supersymetrie 

Quelles sont aujourd'hui les motivations pour la supersymetrie ? Tout d'abord, la su- 
persymetrie (SUSY) apporte un cadre particulierement propice aux theories de grande 
unification dites theories GUT (Grand Unification Theory) [11, 12, 13, 14] ainsi qu'aux 
modeles d'unification des forces incluant la gravitation vers 10 19 GeU : Les theories de 
cordes (supercordes si elles incluent SUSY). Dans le modele GUT supersymetrique base 
sur le groupe de jauge SU(5), si l'echelle effective de brisure de la supersymetrie est de 
l'ordre du TeV, les trois constantes de couplage du Modele Standard s'unifient a l'echelle 
d'unification Mqut, ce qui n'est pas le cas dans le modele non supersymetrique GUT 
base sur le groupe de jauge SU(5). De plus, dans le modele GUT SU(5) supersymetrique, 
l'echelle d'unification est repoussee de Mqut ~ 10 15 GeU (cas du modele GUT SU(5) 
non supersymetrique) a Mqut ~ 2 10 16 GeU ce qui augmente le temps de vie du proton. 
Notons cependant que dans les theories SUSY, la stabilite du proton est menacee par 
des operateurs non renormalisables. Par ailleurs, SUSY offre un candidat naturel pour la 
masse cachee de l'Univers : La LSP (Lightest Supersymmetric Particle), qui est la parti- 
cule supersymetrique la plus legere. En effet, la LSP est stable (excepte dans les scenarios 
dans lesquels la symetrie de R-parite est violee, comme nous le discuterons au debut de la 
Section 4.1) et interagit faiblement avec la matiere. Mais la principale motivation pour les 
theories SUSY reste la resolution du probleme des hierarchies d'echelles de masse comme 
nous le discuterons dans la prochaine Section. 
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1.3.1 Le probleme des hierarchies d'echelles 



Le probleme de hierarchie est la grande difference entre l'echelle de brisure electrofaible 
qui est de l'ordre du TeV et l'echelle de la physique sous-jacente au Modele Standard : 
l'echelle d'unification Mqut, l'echelle des cordes M str ing, l'echelle de Planck Mp,... L'avan- 
tage des theories supersymetriques vis a vis de cette difficulte, comme nous allons le 
voir maintenant, est la possibilite de conserver au niveau des corrections radiatives une 
hierarchie existant dans le potentiel effectif obtenu a l'ordre des arbres. Cette possibilite 
est liee a l'existence du theoreme de non-renormalisation (voir Section 1.4.10) qui predit 
notamment que les termes de masse des champs scalaires ne sont pas affectes par les 
corrections radiatives quadratiques dans les theories SUSY. Cette invariance provient de 
l'annulation de toutes les divergences quadratiques dans les theories SUSY qui est due 
elle a la compensation entre des graphes echangeant des particules du Modele Standard 
et les graphes associes qui impliquent leur partenaire supersymetrique. Assurer la stabi- 
lity des hierarchies de masse est certes important mais ne repond pas a l'autre question 
de nature 'dynamique' : Pourquoi existe-t-il des hierarchies d'echelles d'energie dans la 
nature et quelle est la dynamique responsable de leur apparition? En effet, les theories 
SUSY n'apportent pas d'explication evidente a l'origine de ces deux echelles d'energie si 
differentes qui apparaissent dans le potentiel a l'ordre des arbres. Dans certaines theories 
de supercordes, la valeur predite de l'echelle de brisure de la symetrie GUT est proche de 
l'echelle des cordes, qui est elle-meme reliee a l'echelle de Planck. Mais dans ce type de 
theories, l'origine de l'echelle de brisure electrofaible reste problematique. Une solution 
envisageable a ce probleme est que l'echelle de brisure electrofaible soit determinee par 
les corrections radiatives. Plus precisement, dans des modeles comportant des termes de 
brisure de la supersymetrie, la masse au carre du boson de Higgs du Modele Standard 
est positive a l'echelle GUT mais revolution des constantes de couplages par le groupe 
de renormalisation rend la masse au carre du Higgs negative a l'echelle du TeV, provo- 
quant ainsi la brisure electrofaible a l'echelle d'energie souhaitee [15, 16]. Le probleme de 
hierarchie peut etre explique de deux manieres differentes que nous allons decrire main- 
tenant. 

La premiere explication du probleme de hierarchie s'appuie sur les valeurs moyennes 
dans le vide (VEV) du boson de Higgs et d'un boson associe a la brisure du groupe de jauge 
d'une theorie de grande unification. Dans les theories GUT, une premiere echelle d'energie 
determine l'echelle de brisure M GUT de la symetrie GUT. Cette echelle est donnee par la 
VEV d'un champ $ et vaut typiquement, 



La seconde echelle d'energie de ces modeles est l'echelle de brisure electrofaible qui doit 

etre, 



< o|$|0 >= V = O(10 15 GeU). 




< O|0|O >= v ~ 2A6GeV. 



(1.10) 



Le probleme de hierarchie vient de la grande disparite entre ces deux echelles, 




(1.11) 
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ainsi que de la difficulte a rendre la coexistence de ces 2 echelles naturelle. Le potentiel 
effect if au niveau en arbres pour ces champs scalaires $ et (f> est, 

V (*, 0) = -\a& + - \a<? + -b^ + (1.12) 

La brisure de la symetrie GUT (associee a l'echelle 1.9) est assuree par la condition, 

V 2 = ± (1-13) 

qui fixe la masse du champ de Higgs lourd Le probleme vient en fait du terme |A$ 2 </> 2 
qui est present si A ^ et a ^ et qui communique l'echelle d'energie V au secteur du 
champ de Higgs <fi. Le champ de Higgs lourd $ decouple de telle sorte que la condition de 
brisure electrofaible devient, 

2 a -XV 2 

v 2 = . (1.14) 

D'apres Eq.(1.14), afin d'obtenir l'echelle de brisure 1.10, il est necessaire de faire un 'fine- 
tuning' du parametre a/b qui doit etre de l'ordre de {V/v) 2 ~ 10 26 GeU (voir Eq.(l.ll)). 
C'est precisement ce reglage fin qui n'est pas considere comme etant naturel. Le probleme 
de fine-tuning est accentue par le fait que les corrections radiatives produisent des cor- 
rections a l'ordre des boucles au potentiel effectif de telle sorte que le fine-tuning des 
parametres, a, A, V, b, du potentiel doit etre refait a chaque ordre de la theorie des per- 
turbations. C'est a ce stade que les theories SUSY sont interessantes, car l'annulation des 
divergences quadratiques qui leur est propre assure que la masse du boson de Higgs \fa 
(voir Eq.(1.12)) n'est pas modifiee par ces divergences quadratiques et done que le fine- 
tuning ne doit etre effectue qu'une seule fois. La situation n'est en fait pas aussi claire car 
la supersymetrie doit etre brisee et les masses des particules du Modele Standard doivent 
done etre differentes des masses de leur partenaire supersymetrique, comme nous le discu- 
terons par la suite. Par consequent, il ne doit pas y avoir d'annulation entre des graphes 
echangeant des particules du Modele Standard et les graphes associes qui impliquent leur 
partenaire supersymetrique. II doit done exister des divergences quadratiques dans les 
theories SUSY et Ton doit obtenir des corrections radiatives non nulles a la masse du 
boson de Higgs de l'ordre de, 

5V^~^rh 2 , (1.15) 

ou fh represente la difference de masse typique entre les particules du Modele Standard 
et et leur partenaire supersymetrique, et, A est un couplage de Yukawa ou une constante 
de couplage associee a un groupe jauge. Le probleme du fine-tuning a chaque ordre de 
la theorie des perturbations peut done etre resolu dans les theories SUSY mais unique- 
ment pour un ecart de masse dans le multiplet supersymetrique de l'ordre de l'echelle 
electrofaible donnee dans Eq.(l.lO), ce qui s'ecrit dans nos notations, 

fh ~ v. (1-16) 

En conclusion, les masses des particules supersymetriques ainsi que l'echelle de brisure 
electrofaible doivent etre de l'ordre du TeV si Ton veut que le probleme de hierarchie soit 
"resolu" par la supersymetrie. 
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Certaines theories de supergravite (voir Chapitre 2) permettent d'engendrer des masses 
pour les particules supersymetrique de l'ordre du TeV. Ces modeles assument l'existence 
d'un secteur cache qui n'interagit avec les particules du secteur observable (quarks, lep- 
tons,...) que par les interactions gravitationnelles. Dans ces modeles, on peut obtenir des 
masses pour les particules SUSY de l'ordre de, 

M 2 

oil M s est l'echelle de brisure de la supersymetrie et Mp est la masse de Planck. Done, 
l'echelle du TeV requise pour l'ecart de masse des supermultiplets est obtenue dans ces 
modeles si , 

M s = O(10 w GeV). (1.18) 

De plus, dans les modeles de supergravite appeles 'no-scale' [17, 18, 19, 20, 21] cette echelle 
de brisure SUSY, M s , est obtenue naturellement comme une suppression de l'echelle de 
Planck, M P . 

La seconde explication du probleme de hierarchie est basee uniquement sur l'etude du 
secteur scalaire du Modele Standard, a savoir le secteur du boson de Higgs. Ce point de vue 
n'est done pas restreint au seul cas des theories GUT mais est valable pour toute nouvelle 
physique au-dela du Modele Standard. Dans le Modele Standard, le potentiel du boson 
de Higgs H est V = —n 2 HH^ + ^(HH^) 2 ce qui donne une valeur dans le vide a HW de 

ty. Nous connaissons aujourd'hui les masses des bosons de jauge W ± et Z° qui donnent 
a < HW > une valeur de l'ordre de 10 4 GeV 2 . A ne pouvant pas etre arbitrairement 
petit, ix 2 doit etre du meme ordre de grandeur que < HW >. Au niveau en arbre, nous 
pouvons donner a /i 2 sa valeur exacte (inconnue aujourd'hui). Cependant, les corrections 
quantiques ne preserveront pas ce choix. En effet, l'equation de renormalisation a une 
boucle est, 

fi 2 RE = fi 2 + Ca 2 M 2 , (1.19) 

oil hre est le parametre \i renormalise et C un nombre de l'ordre de 100 ± 1. M est 
la coupure ultraviolette, identifiee a l'echelle de toute nouvelle physique sous-jacente au 
Modele Standard pouvant exister a haute energie. Par exemple, M = Mp = Mplanck ~ 
10 19 GeU, M = Mqut ~ 2 10 16 GeU ou toute autre echelle comprise entre Mp et l'echelle 
de Fermi : Mw = SOGeV. a est un parametre relie aux constantes de couplage des inter- 
actions electrofaible et forte, a ne pouvant etre arbitrairement petit, il y a une difference 
d'ordre de grandeur entre /i et fi RE d'a peu pres 10 30 GeU 2 . II faut done ajuster /i 2 tres 
precisement de facon a ce que fi 2 RE ait la bonne valeur, e'est a dire de l'ordre de lO 4 ^^ 2 
(fine-tuning). De plus, un nouvel ajustement doit etre effectue a chaque ordre de la theorie 
des perturbations. II est done clair que l'existence de plusieurs echelles de masse n'est pas 
du tout naturelle. On retrouve le probleme des hierarchies d'echelles. Dans le cadre d'une 
theorie de SUSY, l'absence des divergences quadratiques assure que fx 2 est au plus loga- 
rithmiquement renormalisable et l'expression 1.19 de la masse renormalisee du boson de 
Higgs devient done, 

M 2 

^ ^[l + Ca 2 ln(—)\. (1.20) 

A* 
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H RE et \j? sont maintenant du meme ordre de grandeur et le probleme de naturalite est 
resolu : Modifier tres peu les parametres fondamentaux (ici M) n'affecte plus la physique 
a basse energie. 

Remarquons dans ce contexte une analogie entre le boson de Higgs et les autres parti- 
cules du Modele Standard. La masse des bosons de jauge est 'protegee' par les symetries 
de jauge et celle des fermions est 'protegee' par la nature chirale (par opposition a vecto- 
rielle) du groupe de jauge electrofaible. Quant a la masse des bosons de Higgs, sans etre 
contrainte a prendre une valeur nulle, elle est 'protegee' des divergences quadratiques par 
la supersymetrie (voir 1.20). 

1.4 Formalisme des theories supersymetriques 

1.4.1 Exemple du spineur de Weyl 

Etablissons les transformations supersymetriques laissant invariant le lagrangien d'un 
spineur de Weyl libre. Le spineur de Weyl a un spin 1/2 et une helicite donnee. Par 
consequent, le spineur de Weyl ne possede que deux composantes non nulles et n'est 
pas massif. Les deux composantes non nulles d'un spineur de Weyl d'helicite gauche 
(droite) decrivent l'helicite gauche (droite) de la particule et l'helicite droite (gauche) de 
l'antiparticule. Le spineur de Weyl est defini par : 

1 I 1 

Lm L = m L ou m R = V R , avec L = — ^ etR= (1.21) 

selon qu'il est d'helicite gauche ou droite (^r). Considerons le lagrangien d'un 

spineur de Weyl d'helicite gauche ^ l libre et de son partenaire scalaire supersymetrique 
0: 

C = (d^Yidy) + * L (i 7 ^)*L, (1-22) 

avec selon nos notations, 

= Wl) = JL¥) = (L^) t 7o . (1.23) 

Les partenaires supersymetriques des champs fermioniques de spin 1/2 sont des champs 
scalaires et sont appeles sfermions (s pour scalaire) : squarks, sleptons,..., tandis que les 
partenaires des champs bosoniques sont des champs fermioniques de spin 1/2 et ont un 
nom prenant un suffixe 'ino' : wino, zino, photino, gluino, higgsino,... Les transforma- 
tions de la supersymetrie N =1 (voir Section 1.2) les plus generates laissant invariant le 
lagrangien 1.22 s'ecrivent : 

5<P = V2£ R V L , 

5V L = -iVTEnYdrf*. (1.24) 

Nous avons adopte la notation : £r^l = La (voir Section 1.2). Les deux premieres 
relations de Eq.1.24 sont des egalites entre scalaires et les deux dernieres entre spineurs. Le 
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parametre Er de cette transformation doit etre un spineur de Weyl d'helicite droite pour 
eviter 8(f) = et arm d'avoir L5^l = S^l- Le facteur \/2 permet de simplifier les calculs. 
Remarquons finalement que le lagrangien 1.22 n'est invariant par les transformations 1.24 
qu'a une derivee pres, mais les termes en derivees du lagrangien ne modifient pas les 
equations du mouvement. En effet, Taction s'obtient en integrant le lagrangien, or ces 
termes s'annulent apres integration car ils deviennent alors des valeurs de champs pris a 
l'infmi. 

1.4.2 Exemple du spineur de Majorana 

Considerons maintenant un lagrangien decrivant un spineur de Majorana libre et son 
partenaire supersymetrique. Un spineur de Majorana est egal a son spineur conjugue de 
charge, ce qui s'ecrit : 

* = ^ c = C^ T (1.25) 
ou C est l'operateur conjugaison de charge. D'apres nos notations, nous ecrivons, 

* c h = WU = [Ph(*% H = L,R. (1.26) 

Le spineur de Majorana n'a que 2 composantes independantes du fait de la relation 
1.25. Considerons le lagrangien decrivant un spineur de Majorana \l/ libre ainsi que son 
partenaire supersymetrique : 

C = l -(d,B)(d»B) + l -(d,A)(d,A) - l -m\A 2 + B 2 ) + ^(i 7 ^ - m)* (1.27) 

ou A et B sont des champs scalaires reels tels que = (A+iB) / II est plus transparent 
de travailler au niveau des champs A et B car les transformations de supersymetrie doivent 
respecter l'invariance sous la parite du lagrangien 1.25, c'est a dire que 1' on doit avoir 
5A — > 5A et 5B — > —5B puisque les champs A et B se transforment sous Taction de 
l'operateur parite par A — > A et B — > —B. Le spineur de Majorana se transforme sous 
Taction de l'operateur parite selon : \I/ — > 70 ^. Le lagrangien 1.27 est invariant sous les 
transformations de supersymetrie N =1 (voir Section 1.2) suivantes : 

5A = ev, 

5B = i£^, 

= -[i^(A + iB-f 5 )+m(A + iB-f 5 )]E, (1.28) 
ou le parametre £ de transformation est un spineur de Majorana arm que sous Taction de 

T 

l'operateur parite on ait : 5^f = 5^/ c = C(5^) . Nous remarquons d'apres Eq.(1.27) que 
A, B et qui constituent le supermultiplet (A, B,ty), ont la meme masse. On retrouve 
une des proprietes de la supersymetrie : Les membres d'un meme supermultiplet ont des 
masses identiques. 

1.4.3 Champs auxiliaires 

On dit que Talgebre de supersymetrie ferme lorsque : 

[5 X , 5 2 ] = tA^, avec A M = -2%^^) et P» = (1.29) 
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BOSONS 


Degres de liberte 


FERMIONS 


Degres de liberte 


OFF SHELL 


A, B, F et G 


4 x 1 




1 x 4 


ON SHELL 


A et B 


2x1 




1x2 



Tab. 1.1: Degres de liberte fermioniques et bosoniques dans un supermultiplet associe a 
un spineur de Majorana. 



5\, 62 etant les variations infinitesimales associees a 2 transformations de supersymetrie, 
et £1, £2 etant les parametres de ces 2 transformations. Remarquons par ailleurs que, 

[81, 6 2 ] = -[EiQ&Q] = £?£ 2 3 {Q a ,QP}, (1.30) 

car les £ a sont des variables de Grassmann qui verifient par definition les relations de 
Eq.(1.7). Les relations de Eq.(1.29) et Eq.(1.30) conduisent a la relation d'anti-commutation 
des generateurs Q de la supersymetrie (voir Eq.(1.2)). Done, la condition de fermeture de 
l'algebre de SUSY (Eq.(1.29)) permet de retrouver l'algebre de SUSY (voir Eq.(1.2)). 

La relation de Eq.(1.29) est satisfaite lorsque les particules sont sur la couche de 
masse ("on shell"), e'est a dire quand les champs verifient les equations de mouvement du 
lagrangien correspondant. La relation de Eq.(1.29) est par exemple verifiee dans les deux 
cas traites dans les Sections 1.4.1 et 1.4.2 si les particules sont on shell. Pour le spineur de 
Weyl du lagrangien 1.22, l'equation du mouvement est : 7 m 9 m \1/l = 0, et pour le spineur 
de Majorana du lagrangien 1.27, l'equation du mouvement est (i7 M <9 M — m)^> = 0. 
Ann que la relation de Eq.(1.29) soit aussi verifiee dans le formalisme hors couche ("off 
shell"), on introduit des champs dits "auxiliaires" . Par exemple, dans le cas du spineur de 
Weyl (voir Section 1.4.1), on introduit le champ auxiliaire scalaire complexe / en ajoutant 
au lagrangien la partie C-aux = fP, et en adjoignant la nouvelle loi de transformation 
pour f : Sf — iV2£ R 'j fl d l j i ^ L . La relation de transformation du spineur de Weyl de 
Eq.(1.24) devient alors — — V / 2(^7 M ^0 + /)£??• L'equation de mouvement du champ 
/ est / = 0. Dans le cas du spineur de Majorana (voir Section 1.4.2), on introduit 
les deux champs auxiliaires scalaires reels F et G en ajoutant au lagrangien le terme : 
Caux = (F 2 + G 2 )/2 — m(A F + B G). Les lois de transformation de F et G sont : 
SF = iE^dn^f et 5G = —£^8^. La relation de transformation du spineur de Majorana 
de Eq.(1.28) devient alors : 5^ = -[i^d^A + iB^) + (F + iG~f 5 )]£. Les equations de 
mouvement des F et G sont F = mA et G = mB. Les champs auxiliaires ont aussi 
l'interet de rendre egaux les nombres de degres de liberte fermioniques et bosoniques dans 
un supermultiplet chiral. Afin d'illustrer ce point, nous presentons dans la Table 1.1 les 
degres de liberte dans un supermultiplet associe a un spineur de Majorana : 

1.4.4 Superespace 

Commengons cette section par quelques rappels. Les transformations infinitesimales 
associees au groupe de Lorentz et aux translations s'ecrivent, 

Lorentz : 5$ = i-e^M^Q, (1.31) 

Translations : 5$ = iA M P^$, (1.32) 

ou les parametres de transformation associes au groupe de Lorentz et aux transla- 
tions A M sont des nombres reels. Le facteur 1/2 apparaissant dans les transformations de 
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Lorentz permet d'eviter les doubles comptages lies au fait que Ton a M^ v = — M^. Les 
transformations totales associees au groupe de Lorentz et aux translations sont, 



Lorentz: $' = exp^i-e^M^ J®, (1-33) 
Translations: $' = exp^iA^P^®. (1.34) 

Dans le cas oil $ est un champ scalaire, les generateurs du groupe de Lorentz et des 
translations sont, 

= i(x> x d u - x v d»), P» = -id 11 . (1.35) 

Si $ est un spineur, les generateurs du groupe de Lorentz et des translations s'ecrivent 
alors, 

M"" = ^[7^,71, P" = -id^. (1.36) 

Enfin, une translation agit sur un champ $ comme : 

&(x*) = $(x» + A li ). (1.37) 

Le produit anti-commutant des generateurs Q a de l'algebre de supersymetrie est 
proportionnel au generateur P^ des translations. II semble done interessant de tenter 
d'ecrire les transformations de supersymetrie comme des translations generalisees. Pour 
cela l'espace-temps doit etre generalise en un espace comprenant des nouvelles coordonnees 
qui soient translatees par la supersymetrie : Le "superespace" . Les champs contenus dans 
le superespace sont appeles "superchamps" . 

Le parametre des transformations supersymetriques £ a (voir Eq.(1.6)) est un spineur anti- 
commutant (variable de Grassmann) qui satisfait a la condition de Majorana. Nous en 
deduisons d'apres Eq.(1.37), par analogie entre le parametre de transformation associe a 
l'algebre de supersymetrie S a (voir Eq.(1.6)) et celui associe aux translations A M (voir 
Eq.(1.32)), que les coordonnees du superespace sont, 

(x*,6,S), (1-38) 

oil 9 est aussi un spineur anti-commutant (variable de Grassmann) qui satisfait a la condi- 
tion de Majorana. Un spineur de Majorana n'a que 2 composantes independantes (voir 
Section 1.4.2). Par consequent, dans les sections suivantes, oil nous allons developper le 
formalisme du superespace qui permet de construire de fagon simple des theories super- 
symetriques, nous adopterons la notation a 2 composantes des spineurs. Dans la section 
suivante, nous rappelons done le formalisme de la notation a 2 composantes pour les 
spineurs. 

1.4.5 Notation des spineurs a deux composantes 

Le champ de spin 1/2 a 2 composantes ip a = ipi (ct = 1, 2) appartient a la representation 
(1/2,0) du groupe de Lorentz, e'est a dire qu'il se comporte comme un champ de spin 
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1/2 sous les transformations "gaudies" et comme un champ scalaire sous les transforma- 
tions "droites", alors que le spineur a 2 composantes ip a = ipR (a = 1,2) appartient a la 
representation (0,1/2) du groupe de Lorentz. ip a = ipi est done un spineur de chiralite 
gauche et ip a = i/jr un spineur de chiralite droite. Par ailleurs, le tenseur antisymetrique a 
2 indices e Q/3 permet d'abaisser ou bien d'elever les indices des spineurs a 2 composantes : 

= e aP ^. (1.39) 

Les champs de spin 1/2 a 2 composantes se transforment sous le groupe de Lorentz 
5*0(1, 3) par Taction des matrices M e 57(2, C) selon, 

^'.=(m*)& $ , r' = (M^r^, (i.4o) 

l'etoile * signifiant complexe conjugue. Les produits, 

sont done invariants de Lorentz. Enfin, le champ \l/ de spin 1/2 a 4 composantes et son 
conjugue de charge \l/ c s'ecrivent a partir des champs de spin 1/2 a 2 composantes Xa et 
f] a , comme suit, 

^ = (v a ,X a ), ^=(^)' « = 1,2, d = l,2. (1.42) 

Le spineur de Majorana \l/ de spin 1/2 a 4 composantes s'ecrit quant a lui, 

9=^^, a = 1,2, a =1,2. (1.43) 

Les produits ^\Pl,r^2 de spineurs a 4 composantes et \l/ 2 s'ecrivent a partir des 
spineurs a 2 composantes Xa et i] a , comme suit, 

^iP L ^2 = ?7iX2, (1.44) 

*i^a*2 = ?72Xi- (1-45) 
Par consequent, un produit ^1^2 s'ecrit, 

*i*2 = 771X2 + 772X1- (1-46) 

Ecrivant le generateur de supersymetrie Q, qui est un spineur de Majorana, dans la 
notation a deux composantes : 

Q = ( % ) , (1.47) 
ainsi que le parametre des transformations SUSY £ qui est aussi un spineur de Majorana : 

*=(!*)' (1-48) 
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la relation d'anti-commutation des generateurs Q de la supersymetrie (voir Eq.(1.2)) 
devient, 

{Qa, Qpj = {Qa, Qp} = 0, 

{Q^Q p } = -2P^) a0) (1.49) 

et la transformation infinitesimale de SUSY (voir Eq.(1.6)) prend la forme, 

5<$> = i{£ a Q a + £ a Q«)<$>. (1.50) 

En utilisant Eq.(1.50) ainsi que les relations de definition de variables de Grassmann £ a 
dans la notation des spineurs a 2 composantes : 

{S a ,S p } = {£",£"} = {£«,£}} = 0, 
{£ a , Q a } = {£ a , Q"} = {£*, Q a } = {£«, Q"} = 0, (1.51) 

nous obtenons l'equivalent de Eq.(1.29) dans la notation a 2 composantes, a savoir, 

[S u 5 2 \ = -2{£ 1 a' x £ 2 - £ 2 ^£ 1 )P fl , avec £a»£ = £ a (a») a J«. (1.52) 

A partir de maintenant et dans tout ce qui suit, nous adopterons la notation des 
spineurs a 2 composantes. 

1.4.6 Generateurs de supersymetrie dans le superespace 

Determinons la forme generate dans le superespace du generateur Q a de l'algebre 
de la supersymetrie N = 1. Ce generateur Q a , qui est associe a des translations dans le 
superespace (x M , 8, 8) (voir Section 1.4.4), doit agir sur les superchamps par l'intermediaire 
de derivees par rapport a 8 et 8, de meme que le generateur P M des translations dans 
l'espace-temps a 4 dimensions agit suivant des derivees par rapport a (voir Section 
1.4.4). La forme generate du generateur Q a dans le superespace est done, 

Q a = <d II + b— + c, 



a 1 v d0 a aa dd„ 
= ^ + l w + ^- (L53) 

ou b et b sont des nombres complexes independants. 

Raisonnons par les dimensions. D'apres Eq.(1.49), [Q a ] = [Q a ] = 1/2 puisque P M = 
— idfj, et [dfj] = 1 (voir Appendice A). Par consequent, [£ a ] = [£ a ] = —1/2 selon Eq.(1.50). 
De plus 1 d'apres Eq.(1.53), [<] = [ag] = -1/2 car [Q a \ = [Q a \ = 1/2 et [d^] = 1. Ayant 
[8 a ] = [8 a ] = [£ a ] = [£ a ] = -1/2, il est naturel de poser : 

< = a(a») a J & , 

a% = ad a (^) aa , (1.54) 

ou a et a sont des nombres complexes independants tels que [a] = [a] = 0. De plus, 
[c Qd ] = [cl\ = car [Q a ] = [Q a ] = 1/2 et [d/dd a ] = [d/d0 a ] = 1/2. Une inspection 
systematique montre que c aa = = 0. 
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L'anti-commutateur {Q a ,Qp} vaut, 

{Qa,Qp} = (ab + ab)(^) a ^. (1.55) 

D'apres Eq.(1.49) et sachant que P M = —id^, on obtient ab + ab = —2i. L'algebre de SUSY 
laisse done un certain arbitraire dans le choix de a, a, b et b. On choisira ces nombres tels 
que : 

Qa = -t(-^-+t9 a (a»Ud,y (1.56) 

1.4.7 Superchamps 

Les superchamps S doivent etre des fonctions des coordonnees du superespace a savoir 
9 a et 9 a . Les puissances cubiques des variables de Grassmann s'annulent : 9 a 9 l3 9 1 = 

(a,j3, 7 = 1,2), car 9 1 9 1 = 9 2 9 2 = d'apres Eq.(1.7). Par consequent, la forme generate 

d'un superchamp S(x fJ, ,9 a ,9 a ) est : 

S(x, 9, 9) = z(x) + 9ip(x)_+ 9x(x) + 99j\x) + 99g(x) + 9a^9v fl (x) 

+999\{x) + 999r)(x) + 9999D(x), (1.57) 

ou Vfj,(x) est un champ vectoriel complexe, z(x), f(x), g(x) et D(x) sont des champs 
scalaires complexes, ip{x), x( x )i e ^ vi x ) son t des champs de spin 1/2 a deux com- 

posantes, et ou, d'apres nos notations, 99 = 9 a 9 a , 99 = 9j) a , 9ip = 9 a ip a et 9i]j = 9a^p a 
avec a — 1, 2 et a — 1, 2. L'expression generique 1.57 d'un superchamp S(x, 9, 9) indique 
que la dimension d'un superchamp est [S(x, 9, 9)] = [z(x)] = 1 (voir Appendice A) et que 
le produit de superchamps est lui-meme un superchamp. Eq.(1.57) montre aussi que le 
superchamp le plus general S(x, 9, 9) contient 16 degres de liberte fermioniques ainsi que 
16 degres de liberte bosoniques, ce qui est trop pour decrire par exemple le supermulti- 
plet {A,B,ty,F,G) contenant le spineur de Majorana (voir Section 1.4.3). Un moyen de 
reduire le nombre de degres de liberte contenus dans un superchamp est l'imposition de 
contraintes. 

Superchamps chiraux 

Une contrainte possible est l'annulation de certaines derivees D a , du superchamp. 
Afin que cette contrainte so it consistante, les derivees D a ,Da doivent se transformer de 
facon covariante sous la supersymetrie : 

D a (5S) = 5(D a S), D A (5S) = 6(D & S) (1.58) 

D'apres Eq.(1.50), cette condition s'ecrit : 

{Q a , D p } = {Q & , D p } = {Q a , Dp] = {Q A , D p } = 0. (1.59) 

D'apres Eq.(1.56), des expressions possibles pour D a et sont done par exemple, 

Da = -£--i(an a J%, 



21 



D a = JL-ie a {a») a6l d». (1.60) 

Le superchamp chiral droit $ est defini par : D a Q = et le superchamp chiral gauche 
$ par Da& = 0. La forme des superchamps chiraux s'obtient facilement en remarquant 
que : 

Dj = 0, et Day 11 = avec y" = x" + i9a% 

DaO = 0, et Day" = avec y" = xT - i9a fl 9. (1.61) 

Par exemple, d'apres Eq.(1.61), un superchamp chiral gauche est une fonction de 9 et y^ 
exclusivement : 

9) = z(y) + V29i>(y) - 00f(y). (1.62) 
Developpant z(y), ip(y) et f(y) autour de x M , l'expression 1.62 devient, 

9, 9) = z(x) + V26ip(x) - eef(x) - i^a^d^x) 

+^=99(d^(x)a"9) - X -9999d iX d il z{x). (1.63) 
V 2 4 

De meme, un superchamp chiral droit s'ecrit : 

6, 6) = z{x) + V26$(x) - 66f(x) + i(9a»9)d^z(x) 

— l - r 99(9a"d^(x)) - -9999d^z{x). (1.64) 
v 2 4 

Notons qu'un produit de superchamps chiraux est aussi un superchamp chiral car, 

D^ n = n^Da® = 0, 

D a $ n = n^D^ = 0. (1.65) 

En calculant 5$ = i(£ a Q a + £aQ a )& au moyen des expressions 1.56 des generateurs de 
la supersymetrie, et en comparant le resultat a 5&(x, 9, 9) = 5z(x) + y/295tp(x) — 995 f(x), 
on trouve les lois de transformations supersymetriques suivantes, 

5z(x) = V2£ip{x), 

Stp(x) = -y/2f(x)£ -iV2{a lx £)d^z(x), 

6 f\x) = -iV2d^ip(x)a> x £. (1.66) 

Les superchamps chiraux gauches $ (droits $) contiennent done les champs ^ a — ^L 
(ijj a = ifjji) de spin 1/2 et de chiralite gauche (droite) ainsi que leur partenaire super- 
symetrique z (z) qui sont des champs scalaires (voir Section 1.4.5). Par consequent, les 
superchamps chiraux permettent de decrire les supermultiplets de matiere, e'est a dire les 
supermultiplets contenant les leptons, les sleptons, les quarks, les squarks, les bosons de 
Higgs et les higgsinos. 
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Superchamps vectoriels 

Un autre choix de contrainte covariante consiste a imposer la condition de realite a un 
superchamp. Un superchamp reel est dit "vectoriel". II est note V et verifie V = . Nous 
verrons que ce superchamp contient les bosons de jauge si Ton ecrit la transformation de 
jauge comme, 

V^V + <Z> + &, (1.67) 

oil $ est un superchamp chiral gauche. Dans la jauge dite de Wess-Zumino, le superchamp 
vectoriel ne contient que trois champs : 

V(af, 9, 9) = 9a tl 9v^(x) + i999\ - i999\ + ]-9999D(x). (1.68) 

Notons qu'une combinaison lineaire a coefficients reels de superchamps reels est evidemment 
aussi un superchamp reel. 

Par une methode identique a celle utilisee dans la Section 1.4.7, on obtient les lois de 
transformations supersymetriques des champs contenus dans un superchamp vectoriel : 

5vn(x) = iSa^\(x) - i\(x)a^8, 
5\{x) = iD{x)E-^a v £){d tx v v {x)-d v v lx {x)), 
8D(x) = Sa v d u \(x) + d v \(x)a u S. (1.69) 

Les superchamps vectoriels contiennent done des champs v^x) de spin 1 et leur par- 
tenaire supersymetrique : les champs \{x) de spin 1/2. Par consequent, les superchamps 
vectoriels permettent de decrire les supermultiplets de jauge, e'est a dire les supermulti- 
plets contenant les bosons de jauges et les jauginos. 

1.4.8 Lagrangiens supersymetriques 

Remarquons que le champ auxiliaire f(x) du superchamp chiral gauche <£>, e'est a 
dire la partie en 99 du superchamp chiral gauche $ (voir Eq.(1.63)), se transforme en 
une derivee sous la supersymetrie d'apres Eq.(1.66). L'integrale sur d 4 x de la partie en 
99 d'un superchamp chiral gauche est done invariante sous les transformations SUSY. 
Une puissance $ n etant aussi un superchamp chiral (voir Eq.(1.65)), l'integrale sur d A x 
de sa partie en 99, notee [$ n ]ee, est aussi invariante sous les transformations SUSY. Les 
integrales sur d 4 x des parties [$ n ']ee et [ < l )n ]ee sont bien sur aussi invariantes sous les 
transformations SUSY. De meme, le champ auxiliaire D(x) du superchamp vectoriel V, 
e'est a dire la partie en 9999 du superchamp vectoriel V (voir Eq.(1.68)), se transforme 
en une derivee sous la supersymetrie d'apres Eq.(1.69). L'integrale sur d 4 x de la partie 
en 9999 d'un superchamp vectoriel est done invariante sous les transformations SUSY. Le 
produit $'$ etant un superchamp vectoriel, l'integrale sur d A x de sa partie en 9999, notee 
[^^Jgggg, est aussi invariante sous les transformations SUSY. Nous pouvons done ecrire 
un premier lagrangien invariant sous les transformations supersymetriques : 

£ = ^([*\*i]eM+\W(*)]n + lW($%o), (1.70) 
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ou W(<&) est un polynome des superchamps chiraux gauches appele superpotentiel et 
valant dans une theorie renormalisable, 

aj, m^- et Xijk etant des constantes. Des puissances superieures de superchamps dans 
le superpotentiel ne sont pas interdites mais menent a des theories non renormalisables. 
Prendre la partie en 99, 99 ou 9999 revient a deriver un certain nombre de fois par rapport 
a 9 ou 9. La derivation etant equivalente a l'integration pour une variable de Grassmann, 
le lagrangien 1.70 peut aussi s'ecrire, 

C = S^-^y <S>\$ i d 2 9d 2 9 + J W(&)d 2 9 + J W(&)d 2 9j. (1.72) 

Le lagrangien obtenu a partir du lagrangien 1.72 en remplagant $ par <&(x,9) = z(x) + 
y/29^{x) - 99f(x) (voir Eq.(1.63)) est : 

£ = E idtk (^(ipi^d^i - d^a^i) + (9 M ^)(9 M 4) + fifl ~ a%fi ~ mjizifj + 

-XijkiziZjfk + Ziij^k) + c.c)j , (1.73) 

d'ou Ton tire, en derivant par rapport a fa, l'equation du mouvement des champs auxi- 
liaries fa : 

f} = a { + rriijZj + \i jk ZjZ k = ^ Z , (1.74) 

UZi 

W(z) etant defini comme en Eq.(1.71) en remplagant les superchamps <3> par leur compo- 
sante scalaire z. Remplagant fa par son expression 1.74 dans l'expression 1.73 du lagran- 
gien, on obtient : 

C = S M Q(^^-^^) + (^)(«9 M 4) 

En comparant Eq.(1.70) et Eq.(1.75), on voit que contient les termes cinetiques 

des spineurs a 2 composantes ipi (quarks et leptons) et de leur partenaire supersymetrique : 
les champs scalaires Zi (squarks et sleptons). On observe aussi que la partie du lagrangien 
associee au superpotentiel s'ecrit, 

C w = [W{<$>)]ee + [W{&)] m = J W(<$>)d 2 9 + f W(&)d 2 9 = C l w + C 2 W , (1.76) 

Nous voyons d'apres cette expression que Cw contient les couplages du potentiel et permet 
done notamment de decrire les interactions de Yukawa qui couplent les bosons de Higgs 
Zi aux quarks et leptons t/v 
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1.4.9 Theories de jauge supersymetriques 

Le but de cette partie est de generaliser le formalisme des theories invariantes de jauge 
au cas supersymetrique. Nous nous appuierons pour cela sur le lagrangien supersymetrique 
general obtenu dans Eq.(1.70). 

Tout d'abord, nous remarquons qu'il manque au lagrangien de Eq.(1.70) les termes 
cinetiques des bosons de jauge v afl et de leur partenaire supersymetrique de spin 1/2 : les 
jauginos A a (a 2 composantes). Ces termes cinetiques sont contenus dans, 

= Z a fy\ a a»d,\ a -\ a a»d,\ a ) + ^Dl + F a ^Fr), (1.79) 

ou, 

W: = ~(DD)D a V a , 

W adl = ~(DD)D & V a , (1.80) 

et, 

F ailv = d^Vav - d u v afl . (1.81) 

Le lagrangien 1.79 est invariant sous les transformations supersymetriques car W" et W a a 
sont respect ivement des superchamps chiraux gauche et droit puisque Da(DD) = et 
D a (DD) = 0. 

D'autre part, la transformation sous un groupe de jauge d'un superchamp chiral s'ecrit, 

$' = exp(iA)$, $ /f = &exp{-iA r ), ^ = exp{-iA)<5> c , avec A = S a A a T a , (1.82) 

ou les A a sont des parametres reels (dependants de l'espace-temps dans le cas d'un groupe 
de jauge agissant localement) et les T a sont les generateurs du groupe de jauge. Les 
A a peuvent etre choisis comme etant des superchamps chiraux gauches de telle sorte 
que Eq.(1.82) soit une relation entre superchamps. L'equation Eq.(1.82) montre que les 
membres d'un meme superchamp ont les memes nombres quantiques associes au groupe 
de jauge. Ann que le terme [^\^i] ee g§ de Eq.(1.70) soit invariant de jauge, il doit etre 
modifie en [&\e v $i]gQ§§ ou e v se transforme sous Taction du groupe de jauge par, 

exp(V) — > exp(iA j; )exp(V)exp(— iA), avec V = S a V a T a , (1.83) 

V a representant les superchamps vectoriels. Au premier ordre, le produit des exponentielles 
d'operateurs A et B vaut, 

exp(A)exp(B) = exp(A + B + -[A, B]). (1.84) 

Cette relation nous permet de verifier qu'au premier ordre le terme {$\e v $i\ dS Q§ est bien 
invariant sous Taction d'un groupe de jauge abelien puisque pour un tel groupe [T a , Tb] = 0. 
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De plus, selon Eq.(1.84), pour un groupe de jauge abelien, Eq.(1.83) devient au premier 
ordre, 



exp(V) -> exp(V + iA f - iA) <^> V^V-iA + iA ] . 



(1.85) 



On retrouve done bien la transformation de Eq.(1.67) avec $ = — iA. Cette introduction de 
superchamps vectoriels, qui permet de rendre la theorie invariante de jauge, est analogue 
a l'introduction de champs de jauge dans les theories de jauge non supersymetriques. Par 
ailleurs, la transformation de Eq.(1.83) ne laisse pas invariant les termes \W^W aa }ee et 
[WaaWT W Eq.(1.79). En revanche, si Ton redefini W" et W aa par, 



W a = -^(DD)e- v D a e v , 
W a = -^(DD)e- v D d e v , 

ces superchamps chiraux subissent les transformations de jauge, 

W a -> exp(iA)W a exp(-iA), 
W a — > exp(iA)W a exp(—iA), 



1.86) 



;i.87) 



de telle sorte que les termes Tr[W"W a a\ee et Tr[W aa W"]f)g, la trace etant prise sur les 
indices de la representation du groupe de jauge, sont invariants de jauge. Finalement, 
dans une theorie supersymetrique invariante de jauge, le superpotentiel doit avoir chacun 
de ces termes invariants de jauge. 

II faut aussi introduire les constantes de couplage g associees aux groupes de jauge. 
Pour cela, on redefini les champs des supermultiplets vectoriels par A a — > 2g\ a , v apu — > 
2gv ail et D a — > 2gD a , ce qui equivaut a redefinir le superchamp vectoriel lui-meme par 
V -> 2gV. 

Le lagrangien generique d'une theorie supersymetrique invariante sous un groupe de 
jauge a done la forme suivante, 



C 



+ 



1 



+ 



W(<f>) 



16g 2 n R 



Tr(W a W a ) 



W(&) + 



16g 2 n R 



Tr(W a W") 



(1.88) 



ou le nombre n R est defini par [T ,Tj,] = n#5 a &- Le facteur 1/g 2 dans Eq.(1.88) permet de 
ne pas generer de puissances de la constante g superieures ou egales a 2. Apres calcul, le 
lagrangien 1.88 devient, 

iV^gzjTaijiipjXa) 



aij Zj 



-i^W - 1 ° 2W ^ - V(z- J)] 



;i.89) 



ou le superpotentiel W est donne dans Eq.(1.71), les derivees covariantes sont definies 
par, 



(D,z) 



dfj,Zi -\- igVa^TaijZj , 
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avec, 



{D^\) a = d^\ a — gfabcVb^K, 
[T a , T b ] = ifab c T c , 



(1.90) 

(1.91) 
(1.92) 



et le potentiel vaut, 

V(z t ,z}) = \f t \ 2 + ±D 2 a , (1.93) 

avec, 

D a = gzjTaijZj. (1.95) 

1.4.10 Theoreme de non-renormalisation 

Introduisons tout d'abord un vocabulaire specifique. On appelle respect ivement terme 
F (F term) et terme D (D term) les termes [...]ee ( ou [•••W) e ^ [■■■]eeSS du lagrangien (voir 
Eq.(1.88)). Cette appellation est due au fait que Ton denote usuellement f(x) et D(x) les 
champs auxiliaires qui sont a l'origine de tels termes (voir Section 1.4.8). 

Le theoreme de non-renormalisation peut etre enonce comme suit : Dans les theories 
supersymetriques, les corrections a l'ordre des boucles sont toujours des termes D. 

Une consequence du theoreme de non-renormalisation est que les parametres du su- 
perpotentiel (voir Eq.(1.71) et Eq.(1.88)), et notamment les masses des champs scalaires 
comme les bosons de Higgs, ne regoivent pas de corrections quantiques quadratiques tant 
que la supersymetrie est preservee. Cette consequence est a l'origine de la resolution du 
probleme de hierarchie, comme nous l'avons discute dans la Section 1.3.1. 

Le theoreme de non-renormalisation a pour origine l'absence de divergences quadra- 
tiques dans les theories supersymetriques. Cette absence de divergences quadratiques dans 
les theories supersymetriques provient de l'annulation de la somme de graphes echangeant 
des particules du Modele Standard avec les graphes associes impliquant leur partenaire 
supersymetrique. 

1.5 Brisure de la supersymetrie 

Nous avons vu dans Eq.(1.5) que dans les theories supersymetriques les particules 
membres d'un meme supermultiplet ont une masse identique (cette propriete a aussi ete 
illustree dans la Section 1.4.2). Or aucune particule supersymetrique de masse egale a 
une masse de particule du Modele Standard n'a ete decouverte aupres des collisionneurs 
jusqu'a aujourd'hui. Nous en deduisons que si la nature est effectivement supersymetrique, 
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les masses des partenaires supersymetrique sont superieures aux masses des particules du 
Modele Standard et la supersymetrie est done brisee. 

Quels sont les criteres de brisure spontanee de la supersymetrie? La supersymetrie 
est brisee spontanement si le vide n'est pas invariant sous la supersymetrie, ce qui peut 
s'ecrire, 

< «ty >=< 0\i(S a Q a + 40^10 0, (1.96) 

ou Q est le generateur de la supersymetrie et ip est un spineur. La valeur moyenne dans 
le vide des champs fermioniques est nulle a cause de l'invariance de Lorentz. On ne peut 
done pas exprimer de condition de brisure spontanee de la supersymetrie sur < 5<p >, <p 
etant un boson, qui doit toujours etre nul. D'apres les transformations supersymetriques 
des spineurs ip(x) appartenant aux superchamps chiraux (Eq.(1.66)) et \(x) appartenant 
aux superchamps vectoriels (Eq.(1.69)), la condition de brisure spontanee de SUSY de 
Eq.(1.96) est equivalente a, 

< fi >^ 0, ou < D a >jt 0, (1.97) 

fi et D a etant respectivement les champs auxiliaires des supermultiplets chiraux et vec- 
toriels (voir Eq.(1.94) et Eq.(1.95)). La condition de brisure spontanee de SUSY globale 
peut s'ecrire differemment : En prenant la valeur moyenne dans le vide de la relation 
{Qa,Qp} = ~2P^) a$ (voir Eq.(1.49)), on obtient, 

< 0\Q a Qp + QpQa\0 >= 2 < 0\H\0 > 5 a$ , (1.98) 

soit, 

|Q Q |0 > | 2 =< V >, (1.99) 

ou H est l'hamiltonien et < V > la valeur moyenne du potentiel dans le vide. D'apres 
Eq.(1.99), la condition de brisure spontanee de SUSY globale peut done aussi s'ecrire, 

<U>^0. (1.100) 

Le potentiel etant positif ou nul d'apres Eq.(1.93), la condition 1.100 est equivalente a, 

<U»0. (1.101) 

Nous verifions de plus d'apres Eq.(1.93) que les 2 conditions 1.97 et 1.101 de brisure 
spontanee de SUSY sont equivalentes. 

En fait, une brisure spontanee de la supersymetrie dans le secteur observable engendre 
une hierarchie entre les masses des particules qui n'est pas realiste [22]. Plus precisement, 
apres une brisure spontanee de la supersymetrie, les masses des particules fermioniques 
du Modele Standard sont superieures a certaines des masses de leur partenaire super- 
symetrique scalaire. 

La supersymetrie si elle existe doit done subir une brisure spontanee dans un secteur 
different du secteur observable, appele secteur "cache", et cette brisure de SUSY doit etre 
mediee au secteur observable. II existe aujourd'hui deux principaux types de modeles dans 
lesquels ce scenario de brisure de SUSY peut etre realise : Les modeles de supergravite (voir 
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Chapitre 2) et les modeles dits GMSB (Gauge Mediated Supersymmetry Breaking) [23]. 
Dans les modeles de supergravite, le secteur cache n'interagit avec le secteur observable 
que par les interactions de type gravitationnel, et par consequent la brisure de SUSY est 
mediee au secteur observable par les interactions de gravitationnelles. Dans les modeles 
GMSB, le secteur cache n'interagit avec le secteur observable que par les interactions de 
jauge, et par consequent la brisure de SUSY est mediee au secteur observable par les 
interactions de jauge. 

Les termes de brisure de la supersymetrie dans le secteur observable sont soumis a 
quelques contraintes. D'une part, les termes de brisure de la supersymetrie ne doivent pas 
introduire de divergences quadratiques qui engendreraient des corrections radiatives a la 
masse des bosons de Higgs et empecheraient la resolution du probleme de hierarchie (voir 
Section 1.3.1). Les termes de brisure de la supersymetrie ne generant pas de divergences 
quadratiques sont appeles termes de brisure douce de la supersymetrie ou termes doux 
('soft terms'). Les termes doux sont de maniere generate, 

Aw = Yl (/(*) + fH Z ^) + m 2z i Z j ~ \ m i/2(^3 + 
ijk 

avec f(z) = X l z % + ^ z lZj + ^ k z iZj z k , (1.102) 

oil les Zi sont des champs scalaires et les Aj des champs de spin 1/2 appartenant a un 
supermultiplet vectoriel. D'autre part, les masses des particules supersymetriques mo et 
mi/ 2 provenant des termes de brisure de la supersymetrie (voir Eq.(1.102)) representent 
typiquement la difference notee m (voir Section 1.3.1) entre les masses des particules du 
Modele Standard et de leur partenaire supersymetrique. Or nous avons vu dans la Section 
1.3.1 que m doit etre typiquement inferieure au TeV afin que les corrections radiatives 
liees aux divergences quadratiques, et provenant de la non-annulation entre des graphes 
echangeant des particules du Modele Standard et les graphes associes qui impliquent leur 
partenaire supersymetrique, n'engendrent pas des corrections a la masse des bosons de 
Higgs superieures au TeV ce qui assure la conservation de la hierarchie de masse existant 
au niveau des arbres. 

Dans le cadre des modeles de supergravite aussi bien que des modeles GMSB, les 
termes de brisure de la supersymetrie dans le secteur observable peuvent etre des termes 
de brisure douce de SUSY generant des masses de particules supersymetriques inferieures 
au TeV. 

En conclusion, si la nature est reellement supersymetrique, la supersymetrie doit etre 
brisee spontanement dans un secteur cache et les termes de brisure de SUSY dans le secteur 
observable doivent etre des termes doux (c'est a dire de la forme de Eq.( 1.102)) generant 
des masses m z et rh\ de particules supersymetriques superieures aux masses des particules 
du Modele Standard et inferieures au TeV . Les modeles de supergravite ainsi que les 
modeles GMSB permettent de realiser un tel scenario de brisure de la supersymetrie. 

1.6 Modele Standard Supersymetrique Minimal (MSSM) 

Nous decrivons dans cette Section le Modele Standard Supersymetrique Minimal 
(MSSM). Le MSSM est minimal en ce sens qu'il contient le nombre minimum de particules 
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necessaire a l'extension supersymetrique du Modele Standard. Le MSSM est parfaitement 
coherent, il est bien defini theoriquement et peut etre teste experimentalement. 

1.6.1 Le contenu en particules 

Les superchamps chiraux du MSSM, qui decrivent les champs de matiere, sont tous 
des superchamps chiraux gauches. Ces superchamps sont presentes dans Eq.( 1.103) avec 
leurs nombres quantiques vis-a-vis du groupe de jauge du Modele Standard SU(3) C x 
SU(2) L xU(l) Y . 

Q: (3, 2, 1/6), U c : (3,1,-2/3), D c : (3, 1, 1/3), L : (1, 2, -1/2), 
E c : (1,1,1), H,: (1,2,-1/2), H 2 : (1, 2, 1/2). 

Dans Eq.( 1.103), L et Q sont respect ivement les superchamps doublets de SU(2) L de 
leptons et de quarks, E c , U c et -D c sont les superchamps de leptons charges, quarks up 
et down conjugues de charge et Hi et H 2 sont les 2 superchamps de Higgs doublets de 
SU(2) L s'ecrivant, 

* = ">=(%)■ < 1104 > 

Dans le MSSM, il existe 2 superchamps de Higgs afin de pouvoir assurer l'annulation des 
anomalies du groupe U(1) Y [13, 14, 24]. Pour que U(1) Y n'ait pas d'anomalies, il faut que 
J2f ermions Y 3 = 0- O r cette relation est vraie dans le Modele Standard mais n'est a priori 
plus respectee dans une extension supersymetrique du Modele Standard, celle-ci devant 
contenir le partenaire supersymetrique du boson de Higgs qui est un fermion d'hypercharge 
Y = —1/2. Afin de retablir la relation J2f ermions ^ 3 — 0, un second superchamp chiral de 
Higgs d'hypercharge Y — 1/2 peut etre rajoute. C'est precisement ce qui est fait dans le 
MSSM (voir Eq.(1.103)). 

Les superchamps vectoriels du MSSM contiennent les champs de jauge. Les super- 
champs vectoriels du MSSM associes aux groupes £/(l)y, SU(2)l et SU(3) C sont notes 
respectivement V\, V£ et Vj. Definissons pour la suite les superchamps vectoriels suivants, 

^2 = X> 2 a y, ^3 = EV?y, (1.105) 

a=l " 6=1 

ou les a a sont les matrices de Pauli et les \ b les matrices de Gell-Mann. 

1.6.2 Le lagrangien 

Le superpotentiel du MSSM, qui est une fonction des superchamps chiraux gauche, 
contient les couplages de Yukawa et le terme de masse du Higgs : 

Wmssm = h%E x UE] + hfjH&iD? + h^H^U* + fiH^. (1.106) 

Dans Eq. (1.106), % et j sont des indices de saveur. 

Le lagrangien du MSSM est defini par l'expression suivante, 

Ql e ^9iV le 2 92 V 2e 2 93 V 3Q . + v c i e -p giVle -2 93 V 3U e + jjc \ e ~2 93 V 3 pc 



C-MSSM — Sjj 
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+ \w MSSM ($) + -^TriW^ a ) + -^Tr(W?W 2 a ) + ^Tr(W^W 3 a ) 
+ \w MSS m(&) + T^TriW, aW?) + ^Tr(W 2 & W«) + -^Tr(^ 3 *Wf ' 



(1.107) 



Pour etre totalement complet, le lagrangien Cmssm du MSSM doit aussi contenir les 
termes de brisure douce de la supersymetrie qui sont donnes dans Eq.(1.102). 

1.6.3 Le spectre supersymetrique 

Masses des squarks et sleptons 

Nous noterons fi (f R ) le partenaire supersymetrique de spin 0, note z (z) dans la 
Section 1.4.7, d'un champ ip a = ipi (%p a = ijjp>) de spin 1/2 et de durante gauche (droite). 
fb,R designe done les sfermions e'est a dire les squarks qi,R = UL,R,di t R ainsi que les 
sleptons l LjR = e L:R ,i> L . 

Le lagrangien C M ssm du MSSM (voir Eq.(1.107) et Eq.(1.102)) engendre des termes 
de masse de sfermions qui s'ecrivent comme suit, 



( m LR )ij ( m RR)ij J \ djR 



+ { d iL,diR> ( d 2U l^d 2 ' ' 



+ V e iL,e iR )\ . e 2U ( m e2\ ~ + \ m LL )ij^iL^ jL , (1-1U8J 

V \ m LR )ij { m RR)ij I \ e jR J 



ou i et j sont des indices de saveur et ou, 



1 2 



( m LL)ij = m 2 ij(u L ) + {rrium^ij + cos2/3m|(-- + - sin 2 6 w )5 ij , 

12 

( m tl)ij = + (m d m d ) i:j + cos2/3m|(- - - sin 2 B w )S ij , 

2 

( m RR)ij = m l( u R) + - cos2/5m|- sin 2 6W%, 

( m RR)ij = m2 ij(d~R) + { m dm d )ij + cos2/3m|i sin 2 9 w Sij, 

.1 



e 2\ _ 2 /- 



( m LL)ij = m ij(vL) + [m u m\)ij - cos2/3to|-<^, 

( m RR)ij = m % (cr) + (™> e ml)ij + cos 2(3m z sin 2 6> w <^-, 

(ro ™>« = (- 4 » + s^) (m " fe ' 

imlDa = (^ + A itan/3)(m e )i j , (1.109) 



ei) + (m e ml)ij + cos2/5m|(- - sin 2 %)5y, 
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A etant defini dans Eq.(1.102). Dans Eq.(1.109), sm9 w est le sinus de Tangle electrofaible 
et tan/? =< h® > / < h\ >, h\ et h 2 etant les composantes scalaires des superchamps 
H® et H 2 de Eq.(1.104). Par exemple, les termes (m u ml)ij de Eq.(1.109) viennent de 

\ dW dt^T^ ] \ 2 ( voir Eq-( L 93) et Eq.(1.94)) ou W M ssm est donne dans Eq. (1.106). Le terme 

t£p(m u )ij de Eq.(1.109) vient lui de \ 9w ^ssm{!) ^ ( voir Eq.(1.93) et Eq.(1.94)). Prenons un 

dernier exemple : Le terme cos2 / 3m|(— \ + | sin 2 Qw)$ij provient des termes de Eq.(1.95) 
(voir aussi Eq.(1.93)) qui sont des termes D puisqu'ils sont engendres par des termes du 
type [$t(e 2 ^)$W (voir Eq.(1.88)). 

Les masses des sfermions notees m 2 j(fL,R) dans Eq.(1.109) sont des masses douces, c'est 
a dire des masses du type m provenant des termes de brisure douce de la supersymetrie 
(voir Eq.( 1.102)). Dans les modeles bases sur la supergravite, un lagrangien effectif su- 
persymetrique accompagne de termes de brisure douce de SUSY est engendre a l'echelle 
de Planck Mp ~ 10 19 GeV qui est superieure a l'echelle d'unification Mqut ~ 2 10 16 GeV 
(voir Chapitre 2). Ces termes de brisure douce peuvent donner une masse universelle mo 
a tous les champs scalaires ainsi qu'une masse universelle mi/ 2 a tous les jauginos. Les 
masses douces des champs scalaires et des jauginos a des energies inferieures a Msugra 
sont obtenues a partir des masses m et m^j par les solutions des equations du groupe 
de renormalisation. Si les masses douces des differents champs scalaires sont egales entre 
elles a l'echelle de Planck, elles le restent aux energies superieures a l'echelle d'unification 
Mqut puisque les champs scalaires appartiennent aux memes representations du groupe 
de jauge de grande unification et ont done des couplages identiques. En revanche, a des 
energies inferieures a Mqut, les masses douces des differents champs scalaires deviennent 
differentes car chaque champ scalaire est charge differemment vis-a-vis du groupe de jauge 
SU(3) C x SU(2) L x U(l)y et a done ses propres couplages. II en est de meme pour les 
masses douces des jauginos. Admettant que les champs scalaires (jauginos) aient une masse 
commune m (toi/ 2 ) a l'echelle M GUT qui soit identique pour les 3 saveurs et negligeant 
les couplages de Yukawa, l'integration des equations du groupe de renormalisation donne 
les expressions suivantes pour les masses douces des champs scalaires a une echelle Q 
infer ieure a M GUT [25], 

m 2 {u L ) 

m 2 (d L ) 

m 2 (u R ) 

m 2 (d R ) 

m 2 (e L ) 

m 2 {v L ) 
m 2 (e R ) 

avec, 

a. 



1 3 _ 4 

m + 2m l/2(^«l/l + T«2/2 + -"3/3), 



36 4 J 3 

/2^«l/l + 4«2/2 + g( 

4 4 

2 - - 



ml + 2m 2 i /2 (— aifi + -a 2 f 2 + ~a 3 f 3 ), 



m + 2m 1/2 (-«i/i + -a 3 /s), 
2 n 2 < l ~ - 4 



m + 2m 1/2 (-aii/i + -63/3), 

1 3 

m l + 2m i/ 2 (^«iA + ^"2/2), 

1 3 

m l + 2m l/2(^«l/l + ^"2/2), 

ml + 2mj /2 &ifi, ' (1.110) 



otiMaur) fi = £±p*£ tt (1 . m) 



4vr Jl (1 + hait) 2 
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t valant t = 2 \og(Mc UT /Q), les ctj (i = 1,2,3) etant les 3 constantes de couplage du 
groupe de jauge SU(3) C x SU(2)l x U(1)y du Modele Standard et les fej = (—3,1,11) 
etant les coefficients des fonctions (3 a une boucle associees aux interactions SU(3) C , 
SU(2)l et C/(l)y, respectivement. 



Masses des jauginos et higgsinos 

• Charginos Definissons avant tout les vecteurs, 

M 2V -(£")• (Lll2) 

ou est le wino c'est a dire le partenaire supersymetrique de spin 1/2 (a 2 composantes) 
du boson W ± , et ou ipH+ et ipu- sont les higgsinos charges c'est a dire les partenaires super- 
symetriques de spin 1/2 (a 2 composantes) des bosons de Higgs charges. Plus precisement, 
ipn+ et tpH- son t respectivement les composantes spinorielles des superchamps H + et H~ 
dermis dans Eq.( 1.104). 

Le lagrangien C M ssm du MSSM (voir Eq.(1.107) et Eq.(1.102)) engendre des termes 
de masse pour le wino et les higgsinos charges qui s'ecrivent comme suit, 

-c%2 = \^ + ) T , ir) T ) ( ° X T ) ( £ ) + h.c, (i.ii3) 

avec, 

X -{M w V2cosf3 h J' (L114) 

Dans Eq.(1.114), M 2 est la masse douce du wino a l'echelle Q consideree, c'est a dire 
une masse du type mi/ 2 provenant des termes de brisure douce de la supersymetrie (voir 
Eq.(1.102)). Par exemple, dans un modele base sur la supergravite, M 2 peut etre obtenue 
par le biais des solutions des equations du groupe de renormalisation a partir des masses 
universelles m et mi/ 2 a l'echelle M GUT . Notons aussi que dans Eq.(1.114) M w est la 
masse du boson W ± qui s'exprime dans le MSSM, 

M 2 W = \g 2 2 (< h\> 2 + < hi > 2 ). (1.115) 

Le terme de masse en /j, de Eq.(1.114) provient du terme —\ d W q™+q^ ^ h+^h- de 
Eq.(1.89), h + et h~ etant respectivement les composantes scalaires des superchamps H + 
et H~ definis dans Eq.( 1.104). Les termes de masse en M w y/2smf3 et M w y/2 cos (3 
de Eq.(1.114) proviennent des termes \E\e-^ Vl e 2 ^ H{ + H\e^ 9 ^e 2 ^H% m de 
Eq.(1.107), qui engendrent des termes du type iV2g($H 1; 2K)Tah 1: 2-i\^gh\ !2 T a (ilj Hl 2 \ a ) 
(voir Eq.(1.89)), les T a etant les generateurs du groupe SU{2) L et les hi^ (i>H li2 ) les com- 
posantes scalaires (spinorielles) des superchamps H 12 de Eq. (1.104) qui sont des doublets 
de SU{2) L . 

Les termes de masse de Eq.(1.113) peuvent s'ecrire apres diagonalisation de la matrice 
X [26], 

-£%Z! = (xr,x 2 -) {%' I ){$)+ h - c -> (1.H6) 
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ou, 

U et V etant des matrices unitaires 2x2. Les spineurs a 2 composantes X\,2 son t done 
les etats propres de masse de la matrice X e'est a dire des melanges entre wino et 
higgsinos ipn ± - En utilisant Eq.(1.46), on peut exprimer le lagrangien 1.116 en terme de 
spineurs a 4 composantes comme suit, 

-ztZi = (xi,x 2 ) (7 1 )( f V (i-iis) 



rh 2 

Xi et X2 etant les spineurs a 4 composantes appeles charginos et definis par, 

*-(£).*>-{£)■ 

• Neutralinos Definissons avant tout le vecteur, 

(^O)T = (-j^-iA 3 ,^,^), (1.120) 

ou A' (A 3 ) est le bino (wino) e'est a dire le partenaire supersymetrique de spin 1/2 (a 
2 composantes) du boson B (W 3 ), et ou tp H o et ip H o sont les higgsinos neutres e'est a 
dire les partenaires supersymetriques de spin 1/2 (a 2 composantes) des bosons de Higgs 
neutres. Plus precisement, ip H o et ip H o sont respectivement les composantes spinorielles 
des superchamps H® et if° definis dans Eq. (1.104). 

Le lagrangien Cmssm du MSSM (voir Eq.(1.107) et Eq.(1.102)) engendre des termes 
de masse pour le bino, le wino et les higgsinos neutres qui s'ecrivent comme suit, 

-^ss = k^) T Y^ + h.c, (1.121) 



avec, 



Y = 



2 



Mi -M z cos(3s\n6 w M z sm(3sm.9 w \ 

M 2 M z cos (3 cos 9w —M z sin (3 cos 9w 

—M z cos (3 sin 6w M z cos f3 cos 9w — /i 

\ M z sin (3sm0w —M z sin P cos$w ~H / 



(1.122) 

Dans Eq.(1.122), Mi (M 2 ) est la masse douce du bino (wino) a l'echelle Q considered, 
e'est a dire une masse du type provenant des termes de brisure douce de la su- 
persymetrie (voir Eq.(1.102)). Les termes de masse en —fj, de Eq.(1.122) proviennent 

du terme W q^oq^o ^h^h^ de Eq.(1.89), h\ et h 2 etant respectivement les compo- 
santes scalaires des superchamps H® et H® definis dans Eq.(1.104). Les termes de masse en 
M z f(P, W ) de Eq.(1.122) proviennent des termes [Hle-j 29lV ^e 292V2 H^+H f 2 e^ 29lVl e 292V2 H^ 
de Eq.(1.107), qui engendrent des termes du type iV2g(^jj Hl2 X a )T a h 12 —i\^2gh\ 2 T a ( , ilj Hl2 X a 
(voir Eq.(1.89)), les T a etant les generateurs du groupe SU(2) L et les h lj2 (^h 1>2 ) l es com- 
posantes scalaires (spinorielles) des superchamps H 12 de Eq. (1.104) qui sont des doublets 
de SU(2) L . 
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Les termes de masse de Eq. (1.121) peuvent s'ecrire apres diagonalisation de la matrice 
Y [26], 
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(1.124) 



Nib , N+YN- 1 

U U m 3 i 

m\ J 

N etant une matrice unitaires 4x4. Les spineurs a 2 composantes Xi,2,3,4 son t done les 
etats propres de masse de la matrice Y e'est a dire des melanges entre bino A', wino A 3 
et higgsinos i>H° 2 - En utilisant Eq.(1.46), on peut exprimer le lagrangien 1.123 en terme 
de spineurs a 4 composantes comme suit, 
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Xi; X21 xl et xl etant les spineurs a 4 composantes appeles neutralinos et dermis par, 

(1.126) 
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Chapitre 2 
Supergravite 



2.1 Motivations 

Les symetries fondamentales en physique des particules (comme par exemple les syme- 
tries de jauge) sont realisees localement plutot que globalement. Cela nous suggere que 
si la supersymetrie est reellement une symetrie de la nature, elle doit aussi etre effective 
de facon locale. L'algebre de supersymetrie (voir Section 1.2) contient le generateur des 
translations P^. Par consequent, dans une theorie de supersymetrie locale, nous devons 
considerer les translations qui varient d'un point a l'autre de l'espace-temps. Cela signi- 
fie qu'une theorie localement supersymetrique doit etre une theorie de transformations 
generates des coordonnees de l'espace-temps. En d'autres termes, une theorie de super- 
symtetrie locale doit contenir la theorie de la gravitation. Cela ne nous etonne que peu 
puisque les generateurs de la supersymetrie ne commutent pas avec les generateurs du 
groupe de Poincare. C'est done pour cette raison que les theories de supersymetrie locale 
sont aussi appelees theories de supergravite. En effet, comme nous allons le voir dans ce 
chapitre, la gravitation joue naturellement un role majeur lorsque nous tentons de rendre 
la supersymetrie locale. Plus precisement, le partenaire supersymetrique du graviton, le 
gravitino, va permettre a la supersymetrie d'agir localement, de meme que les bosons 
de jauge permettent aux symetries de jauge d'agir localement. En ce sens, il existe une 
forte analogie entre la supersymetrie locale (et le gravitino) et les symetries de jauge (et 
les bosons de jauge). Le role naturel de la gravitation dans les theories de supersymetrie 
locale est une motivation supplementaire pour la construction de telles theories. 

Outre leurs motivations theoriques, les theories de supergravite ont de nombreux at- 
traits phenomenologiques (que nous avons deja mentionne dans la Section 1.5). Effect i- 
vement, comme nous allons l'expliquer en detail dans ce chapitre, dans certaines theories 
de supergravite la supersymetrie locale est brisee spontanement dans un secteur cache et 
un lagrangien effectif supersymetrique accompagne de termes de brisure douce de SUSY 
(voir Section 1.5) peut ainsi etre engendre dans le secteur observable. De plus, les masses 
generees pour les partenaires supersymetriques par ces termes de brisure douce peuvent 
etre superieures aux masses des particules du Modele Standard a l'echelle electrofaible. 
Enfin, les masses des partenaires supersymetriques, bien que defmies a l'echelle de Planck 
(gravitation), peuvent etre inferieures au TeV, a l'echelle electrofaible, ce qui est necessaire 
pour resoudre le probleme de hierarchie (voir Section 1.3.1). 

Nous avons vu dans la Section 1.5 que les modeles dits GMSB (Gauge Mediated Su- 
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persymmetry Breaking) [23] peuvent aussi generer, suite a une brisure spontanee de la 
supersymetrie dans un secteur cache, des termes de brisure douce de SUSY engendrant 
des masses pour les partenaires supersymetriques superieures aux masses des particules 
du Modele Standard et inferieures au TeV, a l'echelle electrofaible. Comparons les interets 
phenomenologiques des modeles GMSB et des modeles bases sur la supergravite. 
D'un point de vue phenomenologique, la principale difference entre les modeles GMSB et 
les modeles de supergravite est liee au probleme de la saveur : Le lagrangien du Modele 
Standard sans les couplages de Yukawa est invariant sous la symetrie globale U (3) 5 , chaque 
groupe U (3) agissant dans l'espace des saveurs des 5 representations irreductibles de fer- 
mions du groupe de jauge : (qi, u c R , d° R , II, e c R )i (i = 1, 2, 3). Or, nous ignorons la dynamique 
responsable de la brisure de la symetrie de saveur, dont la seule trace a basse energie est 
visible dans la structure des couplages de Yukawa. Supposons que cette dynamique de 
brisure a lieu au-dela d'une echelle Ap. 

Dans les modeles de supergravite, les termes doux de brisure sont definis a l'echelle de 
Planck, c'est a dire a une echelle necessairement superieure a Ap. II n'y a done pas de rai- 
son evidente pour que les termes doux de brisure soient independants de la saveur. Cette 
violation de la saveur dans les termes doux, qui sont entre autres des termes de masse 
pour les squarks et les sleptons, est tres dangereuse car elle engendre des contributions 
supersymetriques a des processus comme le melange K° — K° ou encore la disintegration 
(j, — > e7 sur lesquels les bornes experimentales sont fortes. C'est le probleme de changement 
de saveur en supersymetrie qui est lie au fait que les matrices de masse pour les fermions 
et leurs partenaires supersymetriques ne sont pas a priori diagonales dans la meme base. 
Bien sur, cela ne signifie pas que les scenarios de supergravite ne sont pas realistes. II 
se peut qu'au niveau de la gravite quantique les termes doux soient independants de la 
saveur, ou bien que certaines symetries de saveur [27, 28] ou certains mecanismes dyna- 
miques [29] soient responsables d'un alignement approximatif entre les matrices de masse 
des fermions et des sfermions. 

En ce qui concerne les modeles GMSB, les termes doux sont definis a une echelle M, qui 
represente la masse des messagers. Cette echelle n'est a priori pas reliee k Ap et peut 
done etre choisie telle que M < A F . Pour un tel choix de l'echelle M, les termes doux, 
qui sont generes par des graphes a l'ordre des boucles mettant en jeu les interactions de 
jauge, ne ressentiraient pas les effets de violation de saveur presents dans ce cas unique- 
ment dans les couplages de Yukawa. Le mecanisme de GIM peut alors etre generalise 
au mecanisme de superGIM incluant les particules et leur partenaire supersymetrique. 
Le probleme de changement de saveur est done naturellement decouple dans les modeles 
GMSB, en contraste avec les theories de supergravite. 

Par ailleurs, les modeles GMSB posent le "probleme du terme /i" (qui sera expose dans 
la Section 3.3.2) ce qui n'est pas le cas des theories de supergravite. 
Enfin, les versions minimales des modeles GMSB et des modeles de supergravite sont 
toutes deux assez predictives vis a vis du spectre de masse des particules supersymetriques, 
ce qui leur permettra d'etre testees aupres des futurs collisionneurs de particules. De plus, 
dans les modeles GMSB, la LSP est le gravitino (= partenaire supersymetrique du gravi- 
ton) ce qui engendre des signaux phenomenologiques specifiques. 
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2.2 Lagrangiens de supergravite 



2.2.1 Procedure de Noether 

Afin de deriver les lagrangiens localement supersymetriques, nous allons utiliser la 
procedure de Noether. La procedure de Noether est une methode systematique pour 
obtenir une action ayant une symetrie locale a partir de Taction ayant une symetrie 
globale. Dans cette partie, nous illustrons cette procedure en prenant l'exemple d'une 
symetrie de jauge. 

Considerons done Taction d'un champ de Dirac libre et non massif, 

S = ijd 4 x^d^. (2.1) 

Cette action est invariante sous la transformation, 

ip -> e'^tp, (2.2) 

ou £ est une phase constante. So a done une symetrie globale abelienne. Pour que cette 
symetrie soit locale, la phase £ doit etre une fonction des coordonnees d'espace-temps. La 
transformation de Eq.(2.2) s'ecrit alors, 

ij -> e _ * (a! ty. (2-3) 

L'action So de Eq.(2.1) n'est plus invariante sous cette symetrie de jauge. La variation de 
Taction S par la transformation locale de Eq.(2.21) est, 

5S = J d^VW = / d'xfd^ (2.4) 

ou, 

f = (2.5) 

est le courant de Noether associe a la symetrie (2.2) de S . Afin de restaurer Tinvariance, 
un champ de jauge est introduit. Ce dernier doit se transformer sous la symetrie 2.3 
par, 

A, - A, + d^, (2.6) 

et un terme de couplage entre ce champ de jauge et le courant de Noether doit etre ajoute 
a Taction S : 

S = S -J d A xfA^ = J d 4 xii>Y(d» + iA^ = J d 4 xi^D^, (2.7) 

ou = 8^ + iA^ est une derivee covariante. La variation de ce terme sous la symetrie 
locale 2.3 va exactement compenser la variation de S de Eq.(2.7). L'action S est alors 
invariante sous les transformations de jauge 2.3 et 2.6. 

Plus generalement, pour une symetrie globale initiale non abelienne, cette methode 
n'est applicable qu'au premier ordre d'un parametre donne et doit done etre iteree. A 
chaque etape, un terme supplementaire doit etre ajoute a Taction (Eq.(2.7)) afin de 
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compenser les variations a l'ordre correspondant de cette meme action. En general, un 
terme supplement aire doit aussi etre ajoute a la loi de transformation du champ de jauge 
(Eq.(2.6)). Apres un nombre fini d'iterations (avec de la chance!) une action est obtenue, 
qui est exactement invariante sous la symetrie locale consideree (Eq.(2.3) + forme finale 
de Eq.(2.6)). 

Afin d'illustrer ces propos, nous allons maintenant appliquer la procedure de Noether sur 
une theorie ayant une symetrie non-abelienne. De plus, nous allons considerer une action 
de champs de jauge, ce qui nous sera utile par la suite. L'action consideree est la suivante, 

So = -\ J d 4 xG^ u , (2.8) 



ou, 



Gf = - PA£, (2-9) 

et les A%, a = l,...,r, sont des champs vectoriels appartenant a la representation ad- 
jointe de dimension r d'un groupe de Lie donne. Les generateurs, T a , et les constantes de 
structure, f a b c , de ce groupe de Lie verifient, 

[T a ,T b ] = tf ahc T c . (2.10) 

L'action de Eq.(2.8) est invariante sous la transformation infinitesimale de parametre £ a 
a l'ordre g, 

A^AZ + gf a U b A». (2.11) 

En revanche, si le parametre £ a de Eq.(2.11) depend de l'espace-temps, Taction de 
Eq.(2.8) n'est plus invariante et sa variation vaut, 

5S = J d A xf a d,i a) (2.12) 



ou, 



fa = gfabcG^Al, (2.13) 

est le courant de Noether associe a la symetrie correspondant aux generateurs T a . Nous 
remarquons l'analogie entre les equations Eq.(2.4) et Eq.(2.12). L'invariance est restauree 
a l'ordre g si on ajoute a Taction de Eq.(2.8) le terme, 

Si=S ~y d*xj%Al, (2.14) 

et si la loi de transformation (2.11) est modifiee en, 

AZ^AZ + gfat&AZ + PZa. (2.15) 

Remarquons a nouveau l'analogie entre les equations Eq.(2.7), Eq.(2.3) et Eq.(2.14), 
Eq.(2.15). Notons aussi que Taction de Eq.(2.8) est invariante sous la transformation 
locale, 

A^A» + d^ a: (2.16) 
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qui correspond a une symetrie abelienne. Lorsque la transformation du groupe de Lie est 
considered au second ordre en g, la variation de Taction Si sous (2.15) (au second ordre) 
est, 

8S 1 = J d A xf^U (2.17) 

avec, 

it = -g 2 j a *ch^lKK- (2-18) 
Comme precedemment, l'invariance est restauree en ajoutant a Paction un terme : 

S = S 1 - \ J dW»K. (2.19) 

II n'est pas necessaire ici de modifier la loi de transformation (2.15) definie au second ordre. 
En fait, un effort supplementaire nous montrerait meme que Paction S de Eq.(2.19) est 
invariante a tout ordre en g. Cette action S peut aussi s'ecrire, 

S=~\J d'xF^Fr, (2.20) 

avec, 

Fr = gt - gf**KK = - Q V K - 9f^KK- (2.21) 

Et nous reconnaissons ici Paction d'une theorie de jauge non-abelienne pure. 

2.2.2 Lagrangien localement supersymetrique pour le multiplet 
de supergravite 

L'action globalement supersymetrique pour le multiplet de supergravite est la suivante, 

S = -\ J d 4 xe^^^d p ^ a d'xiR^ - X -^ V R L )W\ (2.22) 

ou e^ upa designe le tenseur antisymetrique de Levi-Civita defini tel que e 0123 = 1, R L 
denote le tenseur de Ricci donne par, 



^ 2 V dx x dx x dx»dx x dx v dx x dx»dx v )' K ' ' 

et R L est la courbure scalaire donnnee par R L = rj^R^. 

Le premier terme de Eq.(2.22) est Paction de Rarita-Schwinger qui fournit un terme 
cinetique au partenaire supersymetrique du graviton. Le champ ^ At , qui est appele le 
gravitino, a un spin 3/2. Le partenaire du graviton aurait pu etre choisi comme etant un 
champ de spin 5/2, mais les theories contenant des particules de spin plus grand que 2 
ont des particularites indesirables. Nous verifierons par la suite que ce choix est correct 
puisque le gravitino de spin 3/2 apparaitra comme le "champ de jauge" associe a la 
supersymetrie locale. Le second terme de Eq.(2.22) est Paction d'Einstein linearisee, c'est 
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a dire Paction d'Einstein ecrite au premier ordre en k et exprimee en fonction du champ 
du graviton h pv defini par, 

9 !», = Vi* + ( 2 - 24 ) 

oil g^ v est la metrique d'espace-temps, i]^ v est la metrique de Minkowski et k est donne 
par, 

8nG N M^ = k 2 M 2 p = 1, (2.25) 

G N etant la constante gravitationnelle de Newton et M P la masse de Planck (il sera parfois 
utile de choisir l'unite k 2 = 1). Le facteur k est introduit dans Eq.(2.24) afln que h pu ait 
une dimension 1, comme cela est approprie pour un champ bosonique decrivant le graviton. 
Nous utilisons ici Taction d'Einstein linearisee (Eq.(2.22)) pour deux raisons. La premiere 
est que cette forme de Taction d'Einstein fait apparaitre des termes cinetiques pour le 
graviton h^ v qui sont quadratiques (Eq.(2.23)). La seconde est que nous allons determiner 
dans la suite Taction de supergravite pure (Eq.(2.22)) invariante sous la supersymetrie 
locale au premier ordre en k. 

L'action du multiplet de supergravite (Eq.(2.22)) est invariante sous les transforma- 
tions de supersymetrie globale de parametre £ constant, 

V -> V + S s V = V - + 7^m)> ( 2 - 26 ) 



^ ^ ^ + 5 £ V, = * M - ia pT d p h T ,£. (2.27) 

Nous renvoyons le lecteur a la reference [21] pour ce qui est de la determination du 
lagrangien de supergravite pure (Eq.(2.22)) ainsi que des transformations de supersymetrie 
globale associees (Eq.(2.26) et Eq.(2.27)). 

Tentons a present de rendre l'action de supergravite pure (Eq.(2.22)) invariante au 
premier ordre en k sous la supersymetrie locale, c'est a dire sous l'action de e l£ ^ x ^, oil Q 
est un generateur de SUSY et £(x) est un spineur de Majorana dependant des coordonnees 
d'espace et de temps. La variation de Taction de supergravite pure (Eq.(2.22)) sous la 
supersymetrie locale a Tordre k est, 

5S = J d A xfd^S, (2.28) 

oil le spineur de Majorana vectoriel j M est le courant de Noether donne par, 

f = l -e^^ plblu a XT d x h Ta . (2.29) 

L'invariance sous la supersymetrie locale peut etre obtenue a Tordre n, en modifiant la 
loi de transformation du gravitino de Eq.(2.27) en, 

+ Se^v = ^ - ia pT d p h Tll £ + an-%£, (2.30) 

oil a est une constante, et en ajoutant un terme a Taction (2.22) du type, 

S 1 = S-^fd l xj»* li . (2.31) 
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Aucune modification de la loi de transformation (2.27) n'est requise a ce stade. Nous 
remarquons l'analogie entre les equations Eq.(2.15), Eq.(2.14) et Eq.(2.30), Eq.(2.31). 

En iterant ce processus, nous obtenons comme dans la Section 2.2.1, les transforma- 
tions finales de supersymetrie locale qui sont, 



e:: - e;r + 5 g e™ = e™ - i/c5 7 m * M , (2.32) 



m K „m 



oil e™ est le vierbein (// etant I'index d'univers et m I'index local de Lorentz) satisfaisant 

&j 6^ Cjy^mn; Gt, 

- + 5s*» = ^ + 2«- 1 £>, t £, (2.33) 
ou L> M est la derivee covariante, 

ginn 

Dfi = <9 M - iwumn—. — (2.34) 



avec, 



w 2 



et, 



W^mu = W/xmn + ~T (* M 7m^n + *m7^n ~ */*7n*m) (2.35) 



w Mmra = -e^(£? M e n „ - d v e nix ) + ^e^e'c^e^e* - (m -»• n), (2.36) 



qui est la connection de spin standard. Et Taction finale localement supersymetrique que 
Ton obtient est : 



1 



2k 2 



J d 4 x\det e\R-^J d 4 xe^ pa ^^ v D p ^ a . (2.37) 



Le premier terme est Paction d'Einstein sous sa forme generate (non linearisee) car Paction 
de Eq.(2.37) est exactement invariante sous la supersymetrie locale (non pas seulement 
au premier ordre en k, comme Pest Paction de Eq.(2.31)). Le second terme est Paction de 
Rarita-Schwinger avec une derivee covariante. Cette derivee covariante implique le champ 
du gravitino (voir Eq.(2.34)) de meme que les derivees covariantes des theories de jauge 
impliquent les bosons de jauge (voir Eq.(2.7)). 

En conclusion, la supersymetrie locale est realisee grace au fait que le gravitino se 
comporte comme le "boson de jauge" de la supersymetrie (voir Eq.(2.30), Eq.(2.31) et 
Eq.(2.34)). Le gravitino joue done un role aussi naturel que majeur dans les theories de 
supersymetrie locale. 

2.2.3 Lagrangien localement supersymetrique pour un super- 
multiplet chiral libre et non massif 

Considerons le lagrangien du supermultiplet chiral libre et non massif du modele de 
Wess Zumino : 

Co = d^d^ + % -Wd^ (2.38) 
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ou ^ est un spineur de Majorana. Le lagrangien de Eq.(2.38) est invariant sous les trans- 
formations de supersymetrie globale suivantes (voir Section 1.4.2) : 

5A = EV, (2.39) 

5B = i57 5 tf , (2.40) 

5V = -i^d^A + i-y 5 B)£, (2.41) 
ou A et B sont les champs reels dermis a partir du champ <p par, 

<f> = ±(A + iB), (2.42) 

et £ est le parametre spineur de Majorana donne par, 

8 = ( % ) ' (2 ' 43) 

Lorsque la supersymetrie devient locale, c'est a dire lorsque le parametre £ des transfor- 
mations (2.39)-(2.41) depend de l'espace-temps, la variation du lagrangien (2.38) est (a 
une derivee pres), 

5C = d,£f, (2.44) 

ou j M est le spineur vectoriel suivant, 

f = p (A- i-f 5 B)^ty. (2.45) 

Remarquons l'analogie entre les equations Eq.(2.44) et Eq.(2.28). Afin de rendre le la- 
grangien C localement supersymetrique, et par analogie avec l'equation Eq.(2.31), nous 
ajoutons au lagrangien le terme, 

C = C + aVtf", (2.46) 

ou tyfj, doit etre un spineur vectoriel de meme que j^. Nous associons ce spineur vectoriel 
au champ du gravitino. Si le gravitino se transforme sous la supersymetrie locale selon, 

+ 2k-%£, (2.47) 

alors le lagrangien £ de Eq.(2.46) est invariant sous la supersymetrie locale au premier 
ordre en k pour, 

a = -\. (2.48) 

Le lagrangien localement supersymetrique final, obtenu en iterant cette methode plusieurs 
fois, vaut, 

C f = -7^\det e\R - \f vpc ^^ lv b p ^ a + \det e\d^d^ 
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--\det e\q^(A - i lb B)-fV - —e^^^pA D a B 
— — \det e\^/ r y^^/A B + Termes{A fermions), 

(2.49) 

oil les derivees sont des derivees covariantes vis-a-vis de la gravitation. Les lois de 



supersymetrie locale obtenues sont, 

5A = £tf , (2.50) 

5B = i57 5 *, (2.51) 

5 e ™ = -m£ 7 m ^ (2.52) 

5^ = 2k _1 D m 5 + m£A D^B+ Termes(2 fermions), (2.53) 

5^ = —i^D^A + i>y 5 B)S + Termes(2 fermions). (2.54) 



Les deux premiers termes du lagrangien £j de Eq.(2.49) sont les deux termes du lagran- 
gien de supergravite pure (voir Eq.(2.37)). Par ailleurs, la transformation du gravitino 2.53 
contient la transformation du gravitino 2.33 d'une theorie de supergravite pure. Nous en 
concluons que le choix du gravitino comme boson de jauge de la supersymetrie locale est 
coherent. Une fois encore done, le gravitino acquiert naturellement un role crucial lorsque 
la supersymetrie locale est requise. 

Notons fmalement qu'une approche similaire permet de deriver les couplages du super- 
multiplet vectoriel a la supergravite. 

2.2.4 Lagrangien localement supersymetrique general 

Le lagrangien localement supersymetrique general peut s'obtenir a partir du lagran- 
gien globalement supersymetrique, en utilisant, comme dans les sections precedentes, la 
procedure de Noether. Cependant, en pratique, ce resultat complique a ete deduit de la 
methode de calcul tensoriel local [30, 31, 32]. Nous presentons ici ce lagrangien general de 
supergravite. Le lagrangien globalement supersymetrique le plus general s'ecrit, 

Cglobal = -3 / d*foT**<* te * V '*> + j d 2 6{W{<$>) + h.c.) + J d 2 9(f ab (<S>)W:W ab + h.c), 

(2.55) 

oil W" represente le superchamp de jauge, a etant l'indice spinoriel et a l'indice du groupe 
de jauge. K est une fonction generate de et §\e 2gV appelee potentiel de Kahler qui 
autorise des termes cinetiques non renormalisables et f ab est une fonction arbitraire de $j 
se reduisant a S ab dans le cas renormalisable. De meme, le superpotentiel W peut contenir 
des puissances arbitraires des superchamps $«. II apparait en fait que le lagrangien de 
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supergravite ne depend que d'une fonction simple des champs scalaires, 0, et (f>*, appelee 
potentiel de Kahler generalise et definie par, 

G{(j>,(j>*) = K ((/>,(/)*) + ln\W\ 2 . (2.56) 

Les memes lagrangiens de supergravite peuvent etre obtenus pour differents choix de K 
et W, car G est invariant sous les transformations suivantes : 

K -> K + h((f))+h*(<j)*) 

W -> e~ h W (2.57) 

pour une fonction h arbitraire. 

Le lagrangien de supergravite general Csugra peut se decomposer en, 

£-SUGRA = t~-B + C-FK + (~-F + (~-B + &FK + £>F, (2.58) 

ou Lb contient les champs scalaires, Cfk contient les champs fermioniques ainsi que des 
derivees covariantes (en particulier les termes cinetiques pour les fermions) et Cp contient 
les champs fermioniques (en particulier les couplages de Yukawa) mais pas de derivees 
covariantes. Les lagrangiens Cb, C-fk et dp contiennent les champs de jauge. Si R est la 
courbure scalaire et \det e\ le determinant du vierbein e™, alors la partie bosonique du 
lagrangien est donnee par (en unites telles que n 2 = 1), 

\det e\- l C B = -\R + G^D^D^* + e G (3 - G^GT 1 )^'), (2.59) 

ou les derivees _D M sont covariantes vis a vis des groupes de jauge mais aussi de la gravite. 
Les derivees du potentiel de Kahler generalise par rapport aux champs scalaires 4>i et <p l * 
sont notees, 

Gi = w*' Glj = ~d^F' (2 ' 60) 

De plus, l'inverse (G -1 )* est defini par, 

(G-^Gi = 51 (2.61) 
Les termes cinetiques fermioniques sont donnes par le lagrangien suivant, 

\det e\- l C FK = ~\det el" 1 ^* ^1 V D^ a + ^\det e|- V^^^A^ - G t D a ^) 
+ {^G^ iL ^D^{ + U> iL p ^M-Gj? + \g\&) 
+ ±=G)*» L p ^l^jR + h.c)j , (2.62) 

et les interactions de Yukawa viennent de (voir la litterature originelle [33] et la revue sur 
la supersymetrie [34] pour le lagrangien complet), 

{dete^Cp = l -e G/2 ^^ v ^ v 
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+ (-e G / 2 (-G^ - G i G j + G^G-^G^L^^e^G^^^iL + h.c)) 
+ Termes(4 fermions). (2.63) 

Cb est donne par, 

\dete\~ l C B = -^Re(f ab )(F a )^Fr - l -Im(f ab )(F a )^Pr 
- 9 ^Re{f^)G\TX<t>P\T b ) kl <t> u 

(2.64) 

oil les (T a )ij sont les generateurs du groupe de jauge, les champs de jauge sont dermis par, 

(Fa)^ = dfjVua - d u Vf, a - gfabcV^bVvc, (2.65) 

et leur dual par, 

(F a )ixu = e, upa (F a ) pa . (2.66) 

Cfk s'ecrit, 

\det e\~ x l FK = ^Re{f ab {4>)) {^\ a P \ b + ^A a7 V^(F 6 ), p + ^VD^XlI^l) 

—ImiUi^D^det e|A a75 7 M A 6 ) - 1^101^ iR a^(F a )^X bL + h.c, 

(2.67) 

oil A a est le jaugino. Finalement, Cf vaut, 

1 df* i 
\det e\~ l C F = i e G / 2 ^(G- 1 )i,G fe A a A fe - -gG\T a )^ ^ Ll »\ aL + 2igG){T a ) ik 4> k \ aR ^ iL 

- % g Re(f- b l )^G i {T a ) l ^ kR + \ cL + h.c. + Termes(A fermions). 
I C)(p k 

(2.68) 

Notons que le lagrangien de Eq.(2.68) peut donner des termes de masse pour les jauginos 
si les champs scalaires 0, developpent des valeurs moyennes dans le vide. 

Les transformations de supersymetrie locale associees au lagrangien Csugra (Eq.(2.58)) 
sont definies par les variations infinitesimales suivantes (voir la litterature originelle [33] 
pour les expressions completes), 

5^ = V2£m t = V2£ R V iL , (2.69) 
5e™ = -m£ 7 "%> (2.70) 
5^^ = 2/sT 1 J D M £ + KS(G i D^ i - GiDpft*) + ie Gl2 - 1il E + Termes(2 fermions), (2.71) 
S^j i = -ip (Ai + i^Bi)£ - V2e G/2 (G- l ){G j S + Termes(2 fermions), (2.72) 
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6V£ = -£ L >y' i \ aL + h.c., (2.73) 

5\ aL = a^(F a )^£ L + '-gReif^G^T^SL + Termes{2 fermions), (2.74) 

ou (pi se decompose en deux champs scalaires reels Ai et Bi comme, 

<f>i = ^=(A + iBi). (2.75) 

Remarquons que le lagrangien invariant par supergravite n'incluant pas de champs 
de jauge (supermultiplets vectoriels), C = Cb + C-fk + £f, genere le lagrangien inva- 
riant sous la supersymetrie globale (accompagne de termes non renormalisables) , pour un 
superpotentiel de la forme, 

W($) = Xij&Q&k, (2.76) 
et pour un potentiel de Kahler valant, 

K(&,$) = -3ln(l-l<f>\$ i ). (2.77) 

Bien que la constante n'aie pas de signification dans une theorie globalement super- 
symetrique, celle-ci est importante dans une theorie de supersymetrie locale qui est couplee 
a la gravite. 

Par ailleurs, une theorie incluant la gravite n'a pas de raison d'etre renormalisable. 
En particulier, le potentiel de Kahler n'est pas obligatoirement celui qui correspond uni- 
quement a des termes cinetiques renormalisables dans la theorie supersymetrique globale. 
II est en revanche utile pour les calculs de definir la forme du potentiel de Kahler qui 
donne les termes cinetiques minimaux dans le lagrangien de supergravite. Cette forme du 
potentiel de Kahler est, 

K(&,$) = (2.78) 

soit, 

G = M 1 * + ln\W\ 2 , (2.79) 

d'ou, 

G) = 5). (2.80) 

D'apres l'Eq.(2.80), les termes cinetiques sont simplement, <9 M 0j(9 M 0*, pour les champs 
scalaires (voir Cb) et, ^iLl^d^iL + h.c, pour les champs fermioniques (voir Cfk)- 



2.3 Brisure spontanee en supergravite 

Pour avoir une brisure spontanee en supergravite, au moins un des champs doit avoir 
une VEV qui n'est pas invariante sous Taction de la supersymetrie locale. Les seules 
transformations supersymetriques parmi les Eq.(2.69)-Eq.(2.74 pouvant avoir un membre 
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de droite ayant une VEV non nulle sans briser l'invariance de Lorentz, sont les lois des 
Eq.(2.72) et (2.74). Si nous supposons qu'il n'y a pas de VEV pour les termes impli- 
quant des champs fermioniques, les valeurs moyennes dans le vide des Eq.(2.72) et (2.74) 
s'ecrivent, 

< 0\S^i\0 >= -e^G-^GjS, (2.81) 

< 0|5A a |0 >= l -gRef- b l G\T b ) l3 <P 3 E, (2.82) 

ou les champs scalaires ont ete utilises afin de denoter les VEV. 

Considerons tout d'abord le cas simple d'un superchamp chiral singlet de jauge avec 
les termes cinetiques minimaux, c'est a dire le cas : 

G = 4>(f)* + ln\W\ 2 . (2.83) 

Les Eq.(2.81) et (2.82) deviennent alors, 



< 



0|^|0 >= - P[2W l^ { W + *W*)S, (2.84) 



<0|5A a |0>=0. (2.85) 

Le critere de brisure spontanee est done, 

dW 



+ (f)*W ^ 0. (2.86) 



Ceci est la generalisation de la brisure de supersymetrie globale par un terme F. 

Qu'en est-il du potentiel? D'apres l'equation Eq.(2.83) et le lagrangien C B , le potentiel 

vaut, 



V 



dW 



d(j) 



-3\W\ 2 , (2.87) 



a comparer avec, V = \W\ 2 , dans le cas d'une supersymetrie globale. D'apres Eq.(2.87), 
l'energie du vide a maintenant la possibility d'etre negative. Nous remarquons meme 
d'apres Eq.(2.86) que l'energie du vide supersymetrique est negative puisque le potentiel 
correspondant vaut, 

V = -3e^ |W^| 2 . (2.88) 

D'apres Eq.(2.86), lorsque la supersymetrie est brisee, une annulation dans le potentiel 
(Eq.(2.87)) peut donner un vide d'energie nulle. Dans les theories de supergravite, il existe 
done une possibilite d'obtenir un etat du vide ayant une constante cosmologique nulle, si 
la supersymetrie est brisee. 

Etudions a present le cas d'un superchamp chiral appartenant a une representation 
non triviale du groupe de de jauge avec les termes cinetiques minimaux (voir Eq.(2.79)). 
Choisissons aussi les termes cinetiques minimums pour les champs de jauge, c'est a dire, 

fM) = $ab- (2.89) 
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Les Eq.(2.81) et (2.82) deviennent alors, 

lr . expiUft^i + ln\W\ 2 )) /dW* , A , 
< 0|5^|0 >= PW ^ ^^{-J^r + <P W*)S, (2.90) 



< 0|5A a |0 >= '-gG'iT^jS. (2.91) 



II y a dans ce cas deux criteres possibles de brisure spontanee : 
dW 



+ 4>*W 7^ 0, pour certaines valeurs de i, (2.92) 



G l (T a )ij(pj ^ 0, pour certaines valeurs de a, (2.93) 

qui sont les generalisations de la brisure de supersymetrie globale par un terme F ou par 
un terme D, respectivement. 

D'apres l'equation Eq.(2.79) et les lagrangiens Cb et Cb, le potentiel vaut, 

V = e^ ^ — - + 4?*W - 3\W\ 2 j + y -G\T a ) l3 <P 3 G k {T a ) kl <Pu (2.94) 



ou, 



1 dW 

a comparer avec le potentiel semi-defini positif d'une theorie globalement supersymetrique, 

r)W a 2 

V = \^-\ 2 + (2.96) 

Nous remarquons d'apres Eq.(2.95) que la condition de brisure de Eq.(2.92) est equiva- 
lente a G ! ^ 0. Et le champ G l ^i n'est en fait rien d'autre que le fermion de Goldstone 
associe a la brisure de supersymetrie. II y a un melange entre ce fermion de Goldstone et 
le gravitino ^f^, comme nous le voyons dans le lagrangien Cp- Le fermion de Goldstone 
(de spin |) est en fait "mange" par le gravitino (de spin |) qui devient alors massif. C'est 
ce que l'on nomme le mecanisme de super-Higgs. Le terme de masse du gravitino est 
le premier terme du lagrangien C F . La masse du gravitino, m 3 / 2 , est une fonction de la 
valeur dans le vide de la fonction G, notee G , ainsi que de la masse de Planck, M P : 

m 3/2 ~ e Go/2 M P , (2.97) 

puisque nous avions choisi de travailler en unites de k 2 qui est defini dans Eq.(2.25). 

Remarquons que le gravitino se comporte une fois encore comme un 'boson de jauge' 
pour la supersymetrie locale dans la mesure ou il acquiert une masse lors de la brisure 
spontanee de la supersymetrie locale. 
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2.4 Brisure de la supersymetrie dans le secteur "cache" 

Comme nous allons le voir dans la prochaine section, la brisure de supersymetrie locale 
opere de maniere satisfaisante lorsqu'elle est transmise au secteur "observable" a partir 
d'un secteur "cache" . Par brisure satisfaisante de la supersymetrie locale nous entendons 
une brisure engendrant, par le biais de termes de brisure douce (voir Section 1.5), des 
masses pour les particules supersymetriques superieures aux masses des particules du 
Modele Standard et inferieures au TeV (voir Section 1.3.1). Par ailleurs, le secteur cache 
est un ensemble de particules interagissant avec les particules du MSSM uniquement via 
les forces gravitationnelles. 

Considerons done le modele le plus simple de brisure de la supersymetrie locale dans 
un secteur cache : Le modele de Polonyi. Dans ce modele, le secteur cache comprend un 
unique superchamp chiral <£> et le superpotentiel associe est le suivant, 

W($) =m 2 ($ + /3), (2.98) 

m et P etant des parametres reels ayant des dimensions de masse. Pour des raisons de 
simplicity nous adoptons aussi le choix de scenario dans lequel les termes cinetiques sont 
minimaux (voir Eq.(2.83)). Pour le superpotentiel de Eq.(2.98), le potentiel s'ecrit done, 
d'apres Eq.(2.87), 

V = mV^Ql + 0*(0 + (3)\ 2 - 3|0 + (3\ 2 ^j . (2.99) 

Nous pouvons montrer que pour la valeur, (3 = 2 — a/3, le potentiel V a un minimum 
absolu en, = O = — 1, pour lequel, V = (constante cosmologique nulle). De plus, 
pour ce minimum, la supersymetrie est brisee par l'equivalent d'un terme F car on a, 
^ + (f)*W = \/3m 2 7^ (voir Eq.(2.86)). D'apres Eq.(2.97), le gravitino acquiert la masse 
suivante, 

m 3/ 2 = exp[^(V3-l) 2 }^M P , (2.100) 
apres restauration de la constante Mp. Nous voyons ici que la masse du gravitino peut 

2 

etre tres inferieure a la masse de Planck si, -pr << 1. 

D'apres Eq.(2.81) qui est, rappelons-le, la generalisation de la brisure de SUSY par un 
terme F, l'echelle de brisure de la supersymetrie est, 

Ml = e^iG-^Gj. (2.101) 

Dans le cas present, 

M 2 S = e G ' 2 ^ + = V3m 3/2 M P . (2.102) 

Ce resultat est general pour les theories dans lesquelles le vide brisant la supersymetrie 
est en V = 0. L'equation Eq.(2.102) donne pour la masse du gravitino, 

M 2 

m3/2 = TEFp 



(2.103) 
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La masse du gravitino est done petite par rapport a l'echelle de brisure de SUSY, si celle-ci 
est petite comparativement a la masse de Planck. 

D'apres Cb, les champs scalaires, du seul supermultiplet chiral du secteur cache, ac- 
quierent les masses suivantes, 

= -2m§ /2 ^V - 2(V3 - l)ml /2 {<t>'<t>' + (2.104) 

ou nous avons pris, <fi = O + 0', 0o etant la VEV decrite plus haut. Definissant les 
champs A et B par, 0' = -^(A + iB), nous obtenons les masses, m\ = 2\^3rriy 2 et 

m 2 B = 2(2 — v^3)^3/ 2 - Nous remarquons done que les particules scalaires A et B ont bien 
des masses superieures a celles de leur partenaires supersymetriques fermioniques (qui 
sont ici nulles). Dans le cas ou Ton a un multiplet de supergravite et N supermultiplets 
chiraux, ceci reste vrai comme le montre la supertrace qui est toujours positive : 

STr(M 2 ) = 2(N - l)m 2 3/2 . (2.105) 

Condensation de jauginos 

Dans une theorie de jauge non abelienne de type SU(N), la brisure spontanee de 
la supersymetrie dans le secteur cache peut aussi etre assuree par une condensation de 
jauginos, autrement dit un produit de deux champs fermioniques de jauginos developpant 
une VEV, issue d'un mecanisme non perturbatif. En effet, la variation infinitesimale par 
supersymetrie du champ fermionique (Eq.(2.74)) contient un terme proportionnel a un 
produit de jauginos : 

5X aL = ^"{F^^El + ^gRe(f~ b 1 )G i (T b ) i j(f)j£ L — ^/abj^G 1-1 )] A a A& 

+ other Termes(2 fermions), (2.106) 



avec, 

U = (2-107) 

f a b etant defini dans Eq.(2.55). Une VEV pour X a Xb peut done briser la supersymetrie 
en rendant la valeur dans le vide de non invariante sous les transformations super- 
symetriques. Pour qu'un tel scenario de brisure soit realisable, il est necessaire que cer- 
taines composantes de f a bj ne soient pas nulle, e'est a dire que les termes cinetiques pour 
les champs de jauge ne soient pas minimaux. Par ailleurs, il est possible que la condensa- 
tion de jauginos ait lieu dans un secteur cache de la theorie si le groupe de jauge est un 
produit direct. Par exemple, dans les theories de cordes heterotiques, le groupe de jauge 
peut etre E 8 x E s , le premier groupe exceptionnel contenant le groupe de jauge du Modele 
Standard et le second contenant le groupe de jauge du secteur cache. 

Comme dans le cas de la brisure par une VEV de champ scalaire, le boson de Goldstone, 
qui est ici i] = f l ab < \ a X > se melange au gravitino. Ce melange est explicite dans le 
terme de couplage a 4 fermions du lagrangien 2.68 : 

\det c^Cmix = ^r ab ^ l L^ u \aL^uL^hR + h.c. (2.108) 
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La masse du gravitino est aussi donnee dans le cas de la condensation de jauginos par 
le premier terme du lagrangien Cp et vaut done toujours m 3 / 2 ~ (voir Eq.(2.97)). 

Cette masse peut aussi s'exprimer comme precedemment en fonction de l'echelle de brisure 
de supersymetrie , M s , a savoir, m 3 / 2 = M^/Mp (voir Eq.(2.103)). En revanche, l'echelle 
de brisure de supersymetrie est differente. Dans un scenario de brisure dynamique, le 
condensat de jauginos developpe la VEV, 

< A a A b >= c/i 3 , (2.109) 

ou c est de l'ordre de 1 et ou fi est l'echelle dynamique (analogue a Aqcd), e'est a dire 
l'echelle d'energie a laquelle la constante de couplage du groupe de jauge associe devient 
forte. Or dans la limite de basse energie Mp — > oo, nous savons que la supersymetrie 
n'est pas brisee et que l'echelle de brisure doit done tendre vers zero. Nous pouvons done 
estimer l'echelle de brisure de supersymetrie M s comme etant au maximum, 

Ml » (2.110) 

avec eventuellement une puissance plus grande de 1/Mp. Notons finalement que pour une 
telle echelle de brisure, la masse du gravitino est d'apres Eq.(2.103), 

"3/ 2 «jJ. (2.111) 

Meme pour une grande valeur de l'echelle d'energie /z, une petite masse peut etre obtenue 
pour le gravitino dans la mesure ou /i est petit devant l'echelle de Planck. 



2.5 Effets de la brisure de supersymetrie locale dans 
le secteur "observable" 

Maintenant que nous avons discute un mecanisme de brisure de la supersymetrie locale 
dans le secteur cache, nous devons etudier la maniere dont cette brisure est transmise au 
secteur observable. 

Nous designerons les superchamps (champs scalaires) du secteur cache par, Zi (zi), et 
les superchamps (champs scalaires) du secteur observable par, Y r (y r ). Le superpotentiel 
de la theorie contient les superchamps du secteur cache et du secteur observable de maniere 
additive afin qu'il n'y ait pas d'interactions entre eux : 

W(Z h Y r ) = W(Z t ) + W(Y r ). (2.112) 

Supposons une fois de plus que les termes cinetiques sont minimaux : 

G = Mp\z^ Zl + y r *y r ) + H^), (2.113) 

ou les dimensions sont maintenant explicites. D'apres Eq.(2.94), le potentiel sans les 
termes D s'ecrit ici, 



V = exp( w ) 
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+ 



dW y 



dy r 



+ 



M 2 P 



(W + W) 



3\W\ 



(2.114) 



Nous verifions bien d'apres ce potentiel que si Ton prend la limite, Mp — > oo, c'est a dire si 
l'on neglige les interactions gravitationnelles, il n'y a plus d'interactions entre les particules 
des secteurs caches et observables. En effet, Dans cette limite, le potentiel de Eq.(2.114) 
s'ecrit, V = |f^| 2 + |f^-| 2 - Autrement dit les seules interactions entre les champs des 
deux secteurs sont proportionnelles a une puissance negative de la masse de Planck, c'est 
a dire qu'il s'agit des interactions gravitationnelles. Ann d'obtenir une forme effective du 
potentiel (de Eq.(2.114)) appropriee aux basses energies, nous allons remplacer le champ 
scalaire Zi par sa VEV et prendre la limite de basse energie : Mp — > oo. En general, les 
VEV correspondant a une brisure de la supersymetrie dans le secteur cache sont du type, 



< Zi >= a,; Mr 



< W >= fiMp, 



(2.115) 
(2.116) 



9W 

< — >= Q/lMp, 



(2.117) 



ou aj et Q sont des quantites sans dimensions et ji est une echelle caracteristique du 
superpotentiel du secteur cache (comme par exemple m dans le superpotentiel de Polonyi). 
D'apres Eq.(2.97), la masse du gravitino est donnee par, 



m 3/2 



(2.118) 



La limite a basse energie revient a faire tendre Mp vers l'infini tout en gardant la masse du 
gravitino m 3 / 2 fixe. D'apres Eq.(2.118), cela est equivalent a travailler au premier ordre 
en n/Mp. Notons que les eventuelles VEV des champs scalaires du secteur observable 
sont de l'ordre de l'echelle electrofaible et sont done bien inferieures a l'echelle de Planck : 
< y r >« M P . Le potentiel de Eq.(2.114) s'ecrit done a basse energie, 



V 



,KI 2 



r dW 


2 i 


- dy r 


+ M 2 1 2/r- 1 2 +t*[ 



dW 
dy r 



+ (A- 3)W + C.C. 



(2.119) 



ou A = (c* + <ii)a*. En utilisant Eq.(2.118) et en redefinissant le superpotentiel par, 
e M 2 /^W -> W, le potentiel de Eq.(2.119) peut encore s'ecrire, 



V 



dW 



dy r 



( dW \ 
+ ml /2 \y r \ 2 + m 3/2 [Vr^- + (A - 3)W + C.C.) . 



(2.120) 



Le premier terme est le potentiel d'une theorie de supersymetrie globale avec un super- 
potentiel W. Les termes suivants sont des termes de brisure explicite de la supersymetrie 
globale. En particulier, le terme de masse pour le champ scalaire y r vient du terme, 



<z" : ><z,> 



)| <^> r*|2 

1 Ml y ' ' 



(2.121) 
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du potentiel de Eq.(2.114). Ce terme de masse pour le champ scalaire du secteur obser- 
vable vient done bien d'une interaction gravitationnelle : Nous voyons clairement ici que 
la brisure de la supersymetrie est transmise par la gravitation. 

Si nous reprenons l'exemple du modele de Polonyi, les VEV du champ scalaire appartenant 
au secteur cache et du superpotentiel etaient, < Zi >= (a/3 — l)M P , et, < W >= m 2 M P , 
respectivement. D'apres Eq.(2.121), la masse du champ scalaire y r est par consequent, 
exp((\/3 — l) 2 )-^- = m l/2 (voir Eq.(2.100)). Nous retrouvons done bien le fait que la 
masse des scalaires y r est egale a celle du gravitino m 3 / 2 . Par ailleurs, il est facile de mon- 
trer que dans le modele de Polonyi, la constante A definie ulterieurement vaut, A = 3— a/3- 
11 est interessant de noter qu'a l'echelle de Planck, il y a universalite des masses des champs 
scalaires. C'est a dire que les champs scalaires acquierent tous la meme masse. Effective- 
ment, le potentiel de Eq.(2.120) montre que la masse du champ scalaire est egale a la masse 
du gravitino, pour chaque multiplet chiral. II est possible d'obtenir des potentiels effect if s 
dans lesquels l'universalite est absente, en ne choisissant pas les termes cinetiques mi- 
nimaux pour les superchamps chiraux. Cependant l'universalite est interessante puisque 
c'est une solution naturelle au probleme phenomenologique des courants neutres chan- 
geant la saveur. Notons que l'universalite est ici presente a l'echelle de Planck, ce qui 
n'implique pas necessairement l'universalite a des echelles d'energie inferieures. 
Le cas ou le superpotentiel du secteur observable W est trilineaire dans les superchamps 
chiraux est particulierement interessant car cela evite les petits (~ lOOGeV) ajustements 
de parametres de masse. Dans ce cas, le potentiel se simplifie en, 



V 



dW 



dy r 



2 + ^3/2 \Vr\ 2 + Am 3/2 (W' + W'*). (2.122) 



Une autre source de brisure de la supersymetrie globale dans le secteur observable apparait 
dans le premier terme du lagrangien C F . II s'agit d'un terme de masse pour les jauginos : 

\e G /\G-%G k ^\ a \ b . (2.123) 

Afm que ce terme ne so it pas nul, la fonction f a b{4>j) ne doit pas etre une fonction tri- 
viale. C'est a dire que les termes cinetiques de jauge ne doivent pas etre minimaux. 
La seconde condition est que l'expression, e G ^ 2 (G^ 1 y k G k , ait une VEV non nulle. Ceci 
est assure par la condition de brisure de la supersymetrie locale par l'equivalent d'un 
terme F (voir Eq.(2.81)) dans le secteur cache. Notons en effet qu'ici les indices j et k 
designent des champs du secteur cache. La VEV des champs scalaires du secteur cache 
etant proportionnelle a la masse de Planck, < J * Mp, le terme de Eq.(2.123) est un 
terme proportionnel a une puissance negative de la masse de Planck. C'est done un terme 
d'interaction gravitationnelle. La transmission de la brisure de SUSY est done effectuee 
une fois encore par les interactions gravitationnelles. Etant dans le cas d'une brisure par 
l'equivalent d'un terme F, l'echelle de brisure de SUSY est donnee par Eq.(2.101). Par 
consequent, d'apres Eq.(2.123) et Eq.(2.103), la masse des jauginos vaut, 

M 2 

mjaug ~ ~ m 3/2 . (2.124) 

La masse des jauginos est done, comme la masse des champs scalaires, de l'ordre de la 
masse du gravitino. 
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Enfin, de maniere generate, le potentiel effectif de basse energie peut aussi contenir des 
termes D. D'apres Eq.(2.113), le lagrangien C B donne un potentiel du type, 



V 



dW 



dy r 



( dW \ 
+ m 2 3/2 \y r \ 2 + m 3/2 ^— + (A - 3)W + C.C.j 



dy r 

+^Re(f- b 1 )y r ^T a ) rs y s y k *(T b ) m . (2.125) 

Les termes D du potentiel de Eq.(2.125) sont des termes D du secteur observable. Leur 
presence impliquerait une brisure de la supersymetrie locale dans le secteur observable si 
fab(4>) = 8 a b (voir Eq.(2.93)). Notons que nous n'avons pas non plus traite les termes D 
du secteur cache puisque nous avons etudie une brisure de la supersymetrie locale dans le 
secteur cache par (une generalisation) des termes F. Et la transmission de cette brisure de 
SUSY au secteur observable s'effectue aussi via les termes F du potentiel (voir Eq.(2.114)). 
Rappelons cependant qu'une brisure de SUSY dans le secteur cache par des termes D est 
possible (7^ transmission au secteur observable). La masse du gravitino est aussi donnee 
dans ce cas par l'equation Eq.(2.97). En revanche, l'echelle de brisure est alors donnee par 
Eq.(2.82). 

En conclusion, dans les theories de supergravite la brisure spontanee de la super- 
symetrie locale dans un secteur cache permet d'obtenir, a l'echelle de Planck Mp, un 
secteur observable regit par un lagrangien globalement supersymetrique accompagne de 
termes de brisure douce (voir Section 1.5). Ces termes de brisure peuvent donner une 
masse universelle m aux champs scalaires et une masse universelle mi/2 aux jauginos du 
secteur observable a l'echelle de Planck. Les masses des champs scalaires mo et des jaugi- 
nos mx/2 sont de l'ordre de la masse du gravitino a l'echelle de Planck. Typiquement, 
la formule de Eq.(2.103) nous montre que pour une echelle de brisure de la supersymetrie 
de l'ordre de, M s 10 10 GeU, la masse du gravitino est de l'ordre de, m 3 / 2 ~ lOOGeU a 
l'echelle de Planck. Par consequent, a l'echelle electrofaible, les masses des particules su- 
persymetriques peuvent etre inferieures au TeV et le probleme de hierarchie (voir Section 
1.3.1) peut ainsi etre resolu. De plus, a l'echelle electrofaible, les masses des particules 
supersymetriques peuvent etre superieures a celles de leur partenaire supersymetrique du 
Modele Standard. 
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Chapitre 3 



Origines et motivations theoriques 
de la symetrie de R-parite 

3.1 Generality du superpotentiel du MSSM 

Le superpotentiel de Eq.(1.106) contient tous les termes necessaires a l'extension su- 
persymetrique minimale du Modele Standard : le MSSM. Cependant, ce superpotentiel 
n'est pas le plus general dans le sens ou il existe d'autres couplages invariants de jauge qui 
n'ont pas ete pris en compte. Pour etre totalement general le superpotentiel de Eq.(1.106) 
doit contenir en plus les termes suivants : 

W n p = E {l^kLiLjEZ + KikLiQjDt + lK jk U?Dpt + in^Li}, (3.1) 

ou les indices k designent les 3 generations. Le symbole ftp ainsi que les facteurs | se- 
ront explicites par la suite. Quant aux \j k , A^- fc et A'/ jfc , ce sont des nouvelles constantes de 
couplage s'ajoutant aux parametres du MSSM. Remarquons que les deux premiers termes 
trilineaires ainsi que le terme bilineaire de Eq.(3.1) peuvent etre obtenus en remplagant 
le superchamp de Higgs Hi par le superchamp leptonique Li dans le superpotentiel du 
MSSM (voir Eq.(1.106)) qui contient notamment les couplages de Yukawa. En effet, les 
superchamps Hi et Li ont les memes nombres quantiques. 

Combien de parametres supplementaires sont effectivement introduits par le superpo- 
tentiel de Eq.(3.1) ? Le "tenseur" X ijk des constantes de couplage est antisymetrique par 
rapport aux indices de famille i et j a cause de du tenseur antisymetrique e a b de SU (2) : 

KjkLiLjE k = \ijkL1L b jE k e a i, = XjikL^L^E k e a b = —\ji k L a jL\E c k t ha 

— —^jikL^L^E k eba = —XjikLiLjE k . (3.2) 

De meme, \'^ k est antisymetrique par rapport aux indices j et k a cause de l'antisymetrie 
du tenseur e mnp de SU (3). En effet, le terme trilineaire en A^- fc est un couplage invariant de 
SU(3) du type 333 contracte par le tenseur antisymetrique e mnp de SU(3) : \'^ k UfD C jD k = 

\n ttc m pic n n c P a 
A ijk u i u j u k t mnp- 

Par consequent, il n'existe que 9 constantes \j k et 9 constantes A" jfe alors qu'il y a 27 
constantes du type A^- fe . Le superpotentiel de Eq.(3.1) introduit done dans le MSSM 
45 parametres reels supplementaires. En effet, le terme bilineaire de Eq.(3.1) peut etre 
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elimine par une redefinition des superchamps : Si l'on defini L a = (Hi, Li, L 2 , L 3 ) et 
Ha — (/-*, A*i, A*2, ^3), les termes bilineaires de Eq.(1.106) et Eq.(3.1) s'ecrivent f u a H 2 L a . Or, 
en effectuant la transformation L a — > U a ^L^ ou C/ a/ g est donne en premiere approximation 
par, 

Uap^^ £ J , (3.3) 

J 3 etant la matrice identite 3 x 3 et m valant m — 1, 2, 3, le terme fj, a H 2 L a se reduit au 
terme bilineaire de Eq. (1.106) : fiHiH 2 . Cependant, notons que la redefinition des champs 
de Eq.(3.3) n'elimine pas les termes bilineaires presents parmi les termes de brisure douce 
de SUSY, si ces termes bilineaires ont une structure generique. 

Quelle est la dimension des constantes A, A' et A" ? La dimension des variables de 
Grassmann est [9 a \ = —1/2 comme nous l'avons mentionne dans la Section 1.4.6. La 
dimension de la derivee par rapport a une variable de Grassmann vaut done [d/d6 a ] = 1/2. 
D'apres Eq.(1.76), le superpotentiel doit avoir une dimension [W] = 3 puisque l'integration 
est equivalente a la derivation pour une variable de Grassmann et que la dimension du 
lagrangien est [£] = 4 (voir Appendice A). La dimension d'un superchamp S etant egale 
a [S] — 1 (voir Section 1.4.7), l'expression du superpotentiel de Eq.(3.1) indique que les 
constantes A^, \' ijk et X" jk sont sans dimension : [Xijk] = [Kjk\ = [Kjkl = 0- 

Nous allons maintenant determiner le lagrangien associe aux termes trilineaires du 
superpotentiel de Eq.(3.1). La contribution de ces termes au potentiel scalaire, qui se 
deduit de Eq.(1.77), donne des operateurs quadruples dans les champs de sleptons et 
de squarks. Ces interactions entre particules supersymetriques de spin n'ont pas de 
consequences phenomenologiques a basse energie pour des particules supersymetriques 
lourdes. L'autre contribution des termes trilineaires du superpotentiel de Eq.(3.1) au 
lagrangien est donnee par Eq.(1.78). Nous effectuerons explicitement le calcul de cette 
contribution uniquement pour le terme en \j k de Eq.(3.1), la methode etant tout a fait 
similaire pour les termes en X' ijk et X'- jk . Explicitons tout d'abord le produit sous SU(2) 
de ces termes en A^ : 

-Xi-jkLiLjE^ = -X ijk L'*L b j E k z e ab = -\ jk ^NiEj - EiN^jE c k , (3.4) 

ou Ni et Ei sont les superchamps de chiralite gauche associes au neutrino et au lepton 
charge respectivement. Dans Eq.(3.4), la somme sur les indices i,j, k est implicite. De 
meme, dans tout ce calcul nous n'ecrirons plus le symbole J2ij,k a fi n d'alleger les equations. 
Le lagrangien associe aux termes de Eq.(3.4) et donne par Eq.(1.78) s'ecrit, 



1 s 2 



\Xijk ( v iL tj L — tiLVjh ) e 



CX ~ 2 dz a dz b 



1 # 



l^ijki V*L e *jL e \h &jL ) &kR 



2 76 dZ « dZ b 



Ipalpb, (3.5) 



ou l'exposant ★ signifie complexe conjugue. Remarquons que nous avons ecrit le partenaire 
scalaire du spineur de chiralite gauche a quatre composantes du positron e kL : scal[e kL \ = 
scal[(e k R) c ] = e kR = e kR . Le lagrangien de Eq.(3.5) s'ecrit, 

A = - g Xi i k (Xvi Xe 3 e C kR + X»i Ve k e jL + Xe 3 Ve k ViL ~ (l j ) ) 
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2 



) 



(3.6) 



ou les spineurs a deux composantes de l'electron et du neutrino sont dermis a partir des 
spineurs a quatre composantes correspondants, notes e, v et e c , v c (conjugues de charge), 
par, 



En passant de Eq.(3.5) a Eq.(3.6), le facteur 1/2 venant de Eq.(1.78) s'est elimine. L'expli- 
cation est que la somme sur a et b effectuee dans Eq.(3.5) et provenant aussi de Eq.(1.78) 
fait apparaitre deux fois le meme couplage. En effet, la derivee seconde de Eq.(3.5) donne 
par exemple un couplage identique pour z a = ViLiZb = &jL et z a = eji,Zb = vn- Notons 
que la derivee seconde d 2 /dz a dzb prise dans Eq.(3.5) est nulle pour a = b. En revanche, 
ce facteur 1/2 venant de Eq.(1.78) apparait dans le terme de masse du lagrangien pour 
un spineur de Majorana qui s'ecrit, C = ^mip'ip, car la somme sur a et b de Eq.(1.78) 
n'est alors prise que sur un seul champ puisque le superpotentiel generant cette masse est 
W = m$ 2 , $ etant le superchamp associe au spineur de Majorana. 

En utilisant les formules de Eq.(1.44) et Eq.(1.45) reliant les spineurs a deux composantes 
X, f] aux spineurs a quatre composantes ^/ c , on peut exprimer le lagrangien de Eq.(3.6) 
en fonction des spineurs a quatre composantes : 



Ann d'exprimer le premier terme du lagrangien de Eq.(3.6) en fonction de spineurs a 
quatre composantes, nous avons considere Xu comme etant le spineur conjugue de charge 
du neutrino appartenant a la representation (0, 1/2) du groupe de Lorentz (voir Eq.(3.7)). 
Les facteurs 1/2 dans Eq.(3.8) s'eliminent lorsque la somme sur i,j, k est effectuee, car 
des couples de couplages identiques apparaissent alors, a cause de l'antisymetrie de \ijk- 
En repetant le meme exercice pour les interactions en A' ij7c et A^- fc , nous trouvons l'en- 
semble de la contribution au lagrangien decrite dans Eq.(1.78) des termes trilineaires du 
superpotentiel de Eq.(3.1) : 



3.2 Disintegration du proton 

Les termes du lagrangien 3.9 sont des operateurs dangereux dans le sens ou ils peuvent 
donner lieu a une disintegration rapide du proton [35, 36, 37, 38, 39]. En effet, les interac- 




(3.7) 




(3.8) 




(3.9) 
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tions en A^, A^- fc violent le nombre leptonique et les interactions en A" jfe violent le nombre 
baryonique. Cette desintegration du proton est en fait liee a la presence simultanee des 
couplages A^- fe et A" jfe . Les bornes experimentales sur le temps de vie du proton peuvent 
done etre utilisees pour contraindre les produits de constantes de couplage du type A' A". 

Par exemple, le proton peut se desintegrer en un pion et un positron, comme P — > 7r°e + , 
via le processus ud — > d* k — > e + u qui implique les couplages A^c^-urg^ et A^G^e^-u^. 
La largeur de cette desintegration peut etre estimee par, 

M 5 

T(P - ttV) « a(A' llfc )o(Aj lfc )-^, (3.10) 

ou a(A) = A 2 /47r. L'equation Eq.(3.10) et la contrainte experiment ale sur le temps de vie 
du proton relative a la desintegration du proton en pion, t(P — > n°e + ) > 10 32 ans [40], 
permettent de borner le produit A' llfc A' 1 / lfc par, 

777 ~ 

A - A -~ 2 ' ir27 <I5o£F> 2 < 3 ' n » 

II a meme ete montre dans [41] que l'etude de la desintegration du proton poussee a l'ordre 
d'une boucle pouvait contraindre chaque produit A' A" de facon conservative par, 

A' A" < 10" 9 . (3.12) 



3.2.1 Operateurs de dimension 5 

Les nombres leptonique L et baryonique B peuvent aussi etre violes par des operateurs 
non renormalisables. Les operateurs de dimension 5 violant les nombres leptonique et 
baryonique sont en 1/M ou M est l'echelle de la physique au-dela du Modele Standard 
(supersymetrique minimal) generant une violation de L et B. L'echelle M typique est 
l'echelle des theories de grande unification M GUT) et l'echelle M la plus grande est bien sur 
celle de Planck Mp. Les operateurs de dimension 5 du superpotentiel (termes F) invariants 
sous le groupe de jauge du MSSM et violant les nombres leptonique et baryonique sont, 
en termes des superchamps, 

O x = QQQL £>4 = QU C E C H X 

2 = U C U C D C E C e> 5 = LLH 2 H 2 (3.13) 
3 = QQQHx O e = LHiH 2 H 2 

De tels operateurs existent aussi parmi les termes en / d 2 6d 2 6 (termes D) et s'ecrivent en 
termes des superchamps, 

O r = H 2 H 2 E cji 9 = QU c tf 

Og = E^E X E C do = U C D C ^E C 1 ' 

D'apres Eq.(1.72), les operateurs de Eq.(3.13) et Eq.(3.14) sont bien de dimension 5, 
puisque [d/d6 a ] = 1/2 et que la dimension d'un superchamp est egale a 1. 

Les bornes experimentales sur les temps de vie des nucleons contraignent la plupart 
de ces operateurs de dimension 5 de maniere significative, meme si la violation de L et 
B apparait a une echelle M = M P . Les processus impliquant deux fois un operateur 0; L 
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sont supprimis par un facteur (m/M P ) 2 , ou m = m SUS Y,m weak , et donnent done une 
limite peu significative sur les coefficients rji de ces opirateurs. L'operateur 0\ couple des 
particules supersymetriques et peut done contribuer a la disintegration du nuclion en un 
meson et un lepton par un graphe a une boucle impliquant des winos. L 'amplitude du 
processus correspondant est reduit d'un facteur de boucle et d'un facteur msusy/Mp. Les 
donnees experiment ales sur les disintegrations nucleoniques impliquent la borne rji < f CT 7 
[42] sur le coefficient de 0\ pour pa my/. L'operateur 2 , couplant des particules 
supersymetriques n'interagissant pas avec les winos, ne peut contribuer a la disintegration 
du nucleon par un graphe a une boucle impliquant des winos. Le coefficient r/2 n'est done 
pas contraint de fagon significative. L'operateur O3 ne peut pas non plus contribuer a la 
disintegration du nuclion par un graphe a une boucle impliquant des winos. En revanche, 
les opirateurs O3, considiri avec la vev v associie au superchamp Hi, et LQD C permettent 
la disintigration du nuclion via un processus du type qq — > q — > ql qui est supprimi 
par un facteur v/Mp. La limite qui en dicoule est A'r^ < 1CT 10 pour v pa lOOGe^. 
Les combinaisons entre opirateurs Oi et opirateurs en A, A', A" donnent aussi des limites 
significatives sur les coefficients rji des O-i (i = 4, ...,10). Les contraintes relatives aux 
opirateurs Oi mentionnies ci-dessus sont les seules qui soient significatives. 



Les fortes contraintes sur les produits de constantes de couplage A' A" diduites des 
bornes expirimentales sur le temps de vie du proton (voir Section 3.2) ainsi que les 
violations des nombres leptonique et baryonique engendries par les interactions en A, A' 
et A", respectivement, suggerent que les couplages du lagrangien 3.9 soient interdits par 
une certaine symitrie. Cependant, le probleme de la disintigration rapide du proton peut 
aussi etre risolu par l'imposition d'une symitrie permettant uniquement les couplages en 
A' ou en A" du lagrangien 3.9. Les symitries discretes interdisant les couplages en A, A', A" 
sont appelies paritis de matiere, en A, A' (couplages violant le nombre leptonique) paritis 
leptoniques et en A" (couplages violant le nombre baryonique) paritis baryoniques. Dans 
ce chapitre, nous discutons les diverses symitries du superpotentiel, pouvant protiger le 
proton de sa disintigration, et leurs caractiristiques. 

La suppression par des symitries des opirateurs dangereux de dimension 5, vus dans la 
Section 3.2.1, est moins motivie. En effet, la violation de L et B dans une thiorie au-dela 
du MSSM peut iventuellement etre supprimie par un autre type de micanisme propre a 
cette nouvelle thiorie. 

3.3.1 Les R-symetries 

Les R-symitries furent proposies par A. Salam et J. Strathdee dans [43] et par P. 
Fayet dans [44] pour interdire la violation des nombres leptonique ou baryonique. Les 
R-symitries apparaissent naturellement dans les thiories les plus simples. 

La R-symitrie est une symitrie U(l) continue agissant sur les superchamps vectoriels 
V et chiraux <3> et $ par les transformations, 



3.3 Symetries du superpotentiel 



V k (x,9,9) 



V k (x,9e- ia ,0e ia ), 



(3.15) 




(3.16) 
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$i(x,9) -> e- iRia $ z (:r,#e ia ), (3.17) 

oil les charges 7?; sont des nouveaux nombres quantiques additifs. Le choix de ces charges 
est arbitraire et caracterise la R-symetrie. En remplagant dans Eq.(3.15) et Eq.(3.16) les 
superchamps par leur expression litterale (voir Eq.(1.63), Eq.(1.64) et Eq.(1.68)), nous 
obtenons, 

9a' x 9v k ^x) + i999X k {x) - i666\ k {x) + -9999D k (x) -> 

ea^dv ktJi {x) + i999e~ ia \ k {x) - i999e ia X k (x) + )-9999D k {x), (3.18) 

z l (x) + V29i; l (x)-99f l (x) -> 

e ifl,a fax) + ^9e- ia ^{x) - 99e~ 2ia /,(a;)) , (3.19) 

z / (x) + v / 2^(^)-^(^)^ 

e~ iRiQ + \f29e ia i) t {x) - ie 2i 7((x)j . (3.20) 

Les formules 3.18, 3.19 et 3.20 montrent que les transformations de R-symetrie 3.15, 3.16 
et 3.17 definies sur les superchamps et les variables de Grassmann peuvent de maniere 
equivalente etre definies sur les champs eux-memes par, 



(3.21) 



Travaillons dans la representation chirale des matrices 7. La matrice 75 et les projecteurs 
de chiralite gauche et droite s'ecrivent alors, 

_ ( h \ I 4 + 75 _( h \ 7 4 - 75 _/0 0\ 

75 " ^ -i 2 ) > Pl ~ ~ T" -[0 o)' Pr - ~ T" - V / 2 ) ' (3 ' 22) 

ou 7 2 et 7 4 sont les matrices identite 2 x 2 et 4 x 4, respectivement. Les spineurs a quatre 
composantes de chiralite gauche et droite sont done donnes par, 

*l = Pl^ = Pl ( * ) = ( * ) , *r = Pr^ = Pr ( * ) = ( ° ) , (3.23) 

Par consequent, le spineur a 2 composantes ip (ip) a la meme charge R que le spineur 
a 4 composantes ^ l (®r)- Nous pouvons done reecrire les transformations en terme de 
spineurs a 4 composantes comme : 

f JL (x) eWfuXz), 
v k „(x) -> v klx (x), f lR (x) -> e- ii? ' Q /{^(a;), 

A fc (x) -> e^ 5Q A fc (x), -> e^^" 1 ) 01 %(x), (3.24) 

7J fc (x) - £> fc (a;), f t ( x ) - e^" 2 )" /i0*0, 

/i(^) - e-^- 2 )« /,(a;). 
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z,(a;) - 


-> e ii?iQ z,(ar), 






z,(a;) - 


-> e -ifl,a z,(a;), 


A fc (x) - 


-> e- ia A fe (x), 


^j(x) - 


-> e i(i? '" 1)Q ^,(ar), 


Afe(x) - 


-> e M A fc (x), 


ipi(x) - 


-> e -*(«l-l)a ^( x ) 


L> fe (x) - 






-> e*^- 2 )" /,(ar), 






hip) - 





Dans Eq.(3.24), nous avons note les spineurs a 4 composantes A(x) pour les jauginos 
et ty(x) pour les quarks et les leptons. Par ailleurs, les notations pour les champs sca- 
laires gauche et droit ont ete change par rapport a Eq.(3.21) selon z — > Jl et z — > /r, 
respectivement. 

Les transformations 3.24 permettent de determiner quels sont les termes du lagrangien 
invariants sous la R-symetrie (R-invariants). Nous constatons d'apres Eq.(3.24) que les 
termes cinetiques pour les champs de spin 0, (d l,rY (<9^ j l,r) , de spin 1/2, i^f^d^ , et 
de spin 1, — (l/^F^F^ ou F^ = d^Vy — d v v^ sont tous invariants sous les R-symetries. 
L'invariance sous les R-symetries pour les termes du lagrangien derives du superpotentiel 
peut aussi etre testee au niveau du superpotentiel lui-meme. En effet, le lagrangien C 
associe au superpotentiel W dependant des superchamps chiraux <E>; (x, 9) est obtenu par 
(voir Eq.(1.76)), 

c = Jd 2 e w(^i(x,e)). (3.25) 

Ce lagrangien £ se transforme sous la R-symetrie consideree par, 

J d 2 e w(^t(x,e)) -> j d 2 e e iRwa w^x^e- 10 )), (3.26) 

ou Rw est la charge associee au superpotentiel dependant des charges Ri des superchamps 
9). Afin de pouvoir mieux comparer les membres de gauche et de droite de la trans- 
formation 3.26, effectuons pour le membre de droite le changement de variable suivant, 

9 -> 9'e ia , d9 -> d9'e~ ia , d 2 9 -> d 2 9 ' e' 2ia . (3.27) 

La difference de signe dans les transformations de changement de variable pour 9 et 
d9 vient du fait que pour une variable de Grassmann l'integration est equivalente a la 
derivation. La transformation de R-symetrie 3.26 s'ecrit maintenant, 

j d 2 9 W{^i{x,ff)) -> j d 2 9' e~ 2ia e lRwa 0'))- (3.28) 

Finalement, nous voyons clairement dans la transformation 3.28 que le lagrangien C as- 
socie au superpotentiel W (Eq.(3.25)) est invariant sous les R-symetries donnant une 
charge Rw = 2 a W . 

Les R-symetries permettent d'interdire certains des couplages en A, A' et A" du su- 
perpotentiel 3.1 ou bien l'ensemble de ces couplages. Etudions un exemple de R-symetrie 
interdisant tous les couplages du superpotentiel 3.1 (comme le fait une parite de matiere). 
Considerons la R-symetrie, 

V(x,9,9) -> V{x,9e~ ia ,9e ia ), (3.29) 
H h2 (x,9) -> H h2 (x,9e- ia ), (3.30) 

$(x,6) -> e ia ${x,9e- ta ), $ = Q,U C , D c , L, E c . (3.31) 

Dans Eq.(3.29), V designe chaque superchamp vectoriel du groupe de jauge SU(3) x 
SU{2) x U(l) du MSSM. Les transformations 3.30 et 3.31 des superchamps chiraux sont 



64 



associees aux charges suivantes : R = pour Hi, H 2 et R = 1 pour Q, U c , D c , L, E c . Par 
consequent, les transformations de cette R-symetrie sur les champs s'ecrivent, 



ou Vpix) designe les bosons de jauge, A(x) les jauginos, h li2 (x) les bosons de Higgs, h li2 (x) 
les higgsinos, / les squarks et les sleptons et fy(x) les quarks et les leptons. 
Les interactions en A, A' et A" du lagrangien 3.9 sont interdites par cette R-symetrie, qui 
agit done comme une parite de matiere. En effet, les transformations 3.32 montrent que les 
couplages du lagrangien 3.9 qui sont du type ^/^/f L R sont interdits par cette R-symetrie. 
Nous pouvons aussi raisonner au niveau du superpotentiel : Les termes trilineaires du 
superpotentiel 3.1 sont interdits car ils ont une charge Rw = 3 puisque les superchamps 
Q,U C , D c , L et E c ont chacun une charge R — 1. Notons que le terme bilineaire du 
superpotentiel 3.1 a une charge Rw = 1 et n'est done pas non plus invariant. En revanche, 
les couplages de Yukawa qui sont du type hi 2 ^/^/ sont autorises par cette R-symetrie, 
d'apres Eq.(3.32). Cette R-invariance des couplages de Yukawa nous est confirmee par le 
fait que les termes trilineaires correspondant a ces couplages dans le superpotentiel (voir 
Eq.(1.106)) ont une charge R w = 2, d'apres Eq.(3.30) et Eq.(3.31). 

3.3.2 Problemes et interets des R-symetries 

Les R-symetries souffrent de deux principaux problemes. Nous expliquons ici la premiere 
difliculte qui est essentiellement theorique [45]. 

Comme nous l'avons vu dans la Section 2.1, le caractere local des symetries de jauge 
suggere que si la supersymetrie est une symetrie fondamentale de la nature elle doit etre 
realisee de fagon locale. Une theorie dans laquelle la supersymetrie est une symetrie locale, 
doit contenir la theorie de la gravitation et est par consequent appelee une theorie de su- 
pergravite. Les theories de supersymetrie locale sont done aussi motivees par le role naturel 
que joue la gravitation dans ces theories. Outre ces motivations theoriques, les theories de 
supergravite permettent une brisure spontanee realiste de la supersymetrie (voir Section 
2.1). Dans ce contexte des theories de supergravite, le gravitino, qui est la particule de 
jauge de la supersymetrie locale, acquiert une masse m 3 / 2 lors de la brisure spontanee 
de la supersymetrie, de meme que les bosons de jauge du Modele Standard acquierent 
une masse lors de la brisure spontanee du groupe de jauge SU(2)l x U(1)y- Or, les R- 
symetries n'autorisent pas les termes de masse pour le gravitino. En effet, generalisant les 
transformations 3.24 nous obtenons les transformations sous une R-symetrie du vierbein 
e™ et du champ de spin 3/2 du gravitino 



qui sont incompatibles avec l'existence du terme de masse pour le gravitino, m 3 / 2 \1/ M [7 M , r ) l/ ]^> 
qui implique des champs ^ et ^ u de chiralite opposees. En conclusion, la coexistence 




(3.32) 




(3.33) 
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d'une R-symetrie avec les theories de supergravite, qui presentent en outre de nombreux 
attraits, parait difficile. 

La seconde difficulte est davantage phenomenologique. D'apres Eq.(3.24), les R-syme- 
tries interdisent les termes de brisure douce de supersymetrie donnant directement une 
masse aux jauginos : 

- % -M x BB - -M 2 W 3 W 3 - M 2 WW - -M 3 ijg, (3.34) 
2 2 2 

ou nous avons denote les jauginos A = B (bino), W 3 (wino neutre), W (wino charge), g 
(gluino). B, W 3 et g sont des spineurs de Majorana. La raison est qu'un terme de masse 
pour un spineur a 4 composantes est du type, ^h^h' ou H, H' = L,R avec H ^ H', et 
que les transformations 3.24 distinguent les spineurs de chiralite gauche et droite lorsqu'il 
s'agit de jauginos. Cependant, certaines R-symetries, comme la R-symetrie definie dans 
Eq.(3.32), autorisent les termes de melange entre jauginos et higgsinos qui sont du type 
hh\$ et generent aussi des masses pour les jauginos. Dans le MSSM, de tels termes de 
melange existent pour les winos et le bino qui peuvent done acquerir une masse. Par 
exemple, les matrices de masse des charginos et neutralinos dans le MSSM (voir Section 
1.6.3) munie de la R-symetrie definie dans Eq.(3.32) sont respectivement, 

( (M 2 = 0) M w V2smp\ 

\M W V2 cos (3 (n = 0) )' 1 ' 

et, 

/ (Mi = 0) -M Z V2 cos sin 6 W M z V% sin (3 sin W \ 

(M 2 = 0) MzVZcos (3 cos 6 W -MzV^sm (3 cos 6 w 

-M z V2cos(3sme w M z y/2 cos (3 cos 9 W (-/i = 0) 

V M z V2sm(3sm6 w -M z V2sm/3cos6 w (-fi = 0) J 

(3.36) 

Notons qu'il existe d'autres R-symetries que celle definie dans Eq.(3.32) pouvant simul- 
tanement interdire les couplages violant les nombres leptonique et baryonique du lagran- 
gien 3.9, autoriser certains termes de melange entre jauginos et higgsinos et autoriser le 
terme fiHiH 2 , qui est necessaire a la brisure electrofaible et donne une masse aux higg- 
sinos. En revanche, le MSSM ne contient pas de termes melangeant higgsinos et gluinos. 
Dans le cadre du MSSM, les R-symetries sont done incompatibles avec l'existence d'un 
terme de masse au niveau des arbres pour les gluinos. Les R-symetries semblent done etre 
en contradiction avec les donnees experimentales qui donnent une limite inferieure sur la 
masse du gluino : rrig > 173GeV pour ji = — 200GeV, tan (3 = 2 [46]. 

Quelles solutions s'offrent au probleme de la masse du gluino dans les theories munies 
de R-symetries ? Tout d'abord, la masse du gluino ne peut etre generee spontanement. En 
effet, les couplages du gluino qqg impliquent les champs de squarks qui ne peuvent acquerir 
une valeur moyenne dans le vide (vev), le groupe de jauge SU(3) C du Modele Standard 
ne devant pas etre brise. Cela nous amene aux alternatives interessantes d'une masse de 
gluino generee radiativement ou par un mecanisme dynamique, pour lesquelles la masse 
du gluino est predite [47, 48, 49]. Cependant, de tels modeles donnent des gluinos trop 
legers et sont exclus [50]. Un superchamp chiral octet de SU(3) C peut aussi etre ajoute 
pour donner une masse au gluino, mais ces scenarios ne sont pas naturels et brisent en 
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general SU (3) c [47]. Enfin, le gluino peut acquerir une masse lors d'une brisure spontanee 
de R-symetrie [49]. Mais cette masse est petite et la brisure spontanee d'une R-symetrie 
pose le probleme de l'existence d'un indesirable pseudo boson de Goldstone leger appele 
R-axion [51]. En conclusion, le probleme de la masse du gluino n'a pas de solution evidente. 

Malgre les deux problemes de l'existence d'une masse pour le gravitino et le gluino, 
les R-symetries ont suscite un grand interet dans la litterature. Void les interets majeurs 
des R-symetries, outre la possibilite de garantir la conservation des nombres leptonique et 
baryonique. Tout d'abord, de meme que la symetrie de Peccei-Quinn [51], la R-invariance 
a ete proposee comme une solution originale au probleme de la violation forte de CP [52], 
ainsi qu'au probleme du moment dipolaire electrique du neutron [52, 53]. De plus, il a ete 
montre dans [54] que l'existence d'une R-symetrie est une condition necessaire a la brisure 
dynamique de la supersymetrie. Les auteurs de [54] ont aussi montre que la presence d'une 
R-symetrie brisee spontanement est une condition suffisante pour la brisure dynamique de 
la supersymetrie, dans le cas ou le lagrangien effectif est un lagrangien generique consistent 
avec les symetries de la theorie (pas de fine-tuning) et ou la theorie de basse energie peut 
etre decrite par un lagrangien effectif supersymetrique de Wess-Zumino sans champs de 
jauge. Tous les modeles connus aujourd'hui de brisure dynamique de la supersymetrie 
possedent une telle R-symetrie brisee spontanement et contiennent done un axion pouvant 
etre problematique. Cependant, les auteurs de [54] ont montre que la R-symetrie peut dans 
beaucoup de cas etre brisee explicitement sans restaurer la supersymetrie de telle sorte 
que l'axion puisse acquerir une masse sumsamment grande. Enfin, certaines R-symetries 
interdisent le terme de melange des superchamps de Higgs dans le superpotentiel : 

W = /i#i# 2 , (3.37) 

comme par exemple la R-symetrie definie dans Eq. (3.29,3.30,3.31) qui assigne une charge 
R = a Hi et H 2 . Or la brisure spontanee de telles R-symetries permet de controler 
naturellement la valeur du parametre /x qui doit etre de l'ordre de l'echelle electrofaible 
afin de permettre une brisure electrofaible realiste, e'est a dire donnant une masse permise 
par les bornes experimentales au boson de Higgs leger et donnant les masses attendues 
aux particules du Modele Standard, ("probleme du terme /x"). Le terme de Eq.(3.37) peut 
effectivement etre genere par un terme du type, 

1 11 

W = a T7^T [IM#i#2, (3.38) 
m p i=i 

oil les Si sont des nouveaux superchamps chiraux singlets de jauge dont les charges de 
R-symetrie verifient Yh=i ^ = 2- (dans le cas de la R-symetrie de Eq. (3.29,3.30,3.31)) et 
dont les champs scalaires acquierent une vev. Le terme fi de Eq.(3.37) sera alors donne 
par, 

< SiS2---S n > 

Mp etant l'echelle de Planck, et peut etre de l'ordre de l'echelle electrofaible pour < Si 
Mp. Les R-symetries offrent done un cadre propice a la resolution du probleme du ji 
[55, 56, 57, 58]. Rappelons toutefois que la brisure spontanee d'une R-symetrie pose le 
probleme de l'existence du R-axion. Notons aussi que cette solution au probleme du ji via 
l'imposition d'une R-symetrie est tres analogue a la solution caracterisee par l'existence 
d'une symetrie de Peccei-Quinn [58, 59]. 
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3.3.3 Les R-symetries discretes et la R-parite 

Les R-symetries discretes permettent d'eviter les problemes de l'existence d'une masse 
pour le gravitino et le gluino. Considerons par exemple la R-symetrie discrete obtenue a 
partir de la R-symetrie definie dans Eq. (3.29,3.30,3.31) et Eq.(3.32) en prenant a = ir. 
Les transformations associees a la R-symetrie discrete ainsi obtenue s'ecrivent sur les 
superchamps, 

V(x,9,6) -> V(x,-6,-6), (3.40) 

H lt2 (x,6) - H lt2 (x,-9), (3.41) 

$(x,6) -> -$(x,-9), $ = Q,U C ,D C ,L,E C , (3.42) 
et done sur les champs, 

D{x) - D(x), f\ X J W>> f(x) -f(x), 

La R-symetrie discrete de Eq.(3.43) autorise le terme de masse du gravitino ainsi que les 
termes de masse des jauginos exprimes dans Eq.(3.34). En effet, les transformations 3.43 
sont identiques pour les champs de jauginos de chiralite gauche et droite, a l'inverse des 
transformations generates de R-symetrie donnees dans Eq.(3.24). 

Les R-symetries discretes peuvent etre aussi bien des parites de matiere que des parites 
leptoniques ou des parites baryoniques. Une etude des differentes R-symetries discretes 
possibles a ete traitee dans [60]. 

Nous observons que la R-symetrie discrete de Eq.(3.43) est une parite de matiere, 
puisqu'elle interdit les couplages en A, A' et A" de Eq.(3.9), ce qui est coherent car la R- 
symetrie originelle, definie dans Eq.(3.32), agit aussi comme une parite de matiere. En fait, 
la R-symetrie discrete de Eq.(3.43) est la symetrie dite de R-parite. La symetrie de R-parite 
a ete consideree les premieres fois dans [35, 66, 61, 62, 63, 64, 65]. Bien que la R-parite 
ne soit pas la seule parite de matiere, on associe souvent aujourd'hui, pour des raisons 
historiques, la symetrie interdisant les couplages en A A' et A" a la R-parite plutot qu'a la 
parite de matiere. D'apres Eq.(3.43), la R-parite transforme les champs des particules du 
Modele Standard avec un facteur +1 et les champs des particules supersymetriques avec 
un facteur — 1. La R-parite peut done etre definie de fagon equivalente a Eq.(3.43) par 
Taction de l'operateur [66], 

R p = (-1) 3B + L + 2S , (3.44) 

ou B est le nombre baryonique, L le nombre leptonique et S le spin de la particule. Nous 
remarquons que la R-parite autorise les couplages de Yukawa, de meme que la R-symetrie 
originelle definie par Eq.(3.32). 
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TAB. 3.1: Charges des superchamps associees aux symetries PM1, PM2 (parties de matiere), 
PL1, PL2 (parties leptoniques), PB1 et PB2 (parties baryoniques) qui representent les symetries 
Z 2 independantes autorisant les couplages de Yukawa. 

3.3.4 Les symetries discretes 

De simples symetries discretes peuvent aussi etre utilisees pour supprimer les differents 
couplages du lagrangien 3.9 et assurer ainsi un temps de vie suffisamment long au proton 
[67]. Par exemple, la symetrie, 

(Q, U c , D c , L, E c ) - -(Q, U c , D c , L, E c ), (H u H 2 ) ^ (H,, H 2 ), (3.45) 
est une parite de matiere, la symetrie, 

(L, E c ) ^ — (L, E c ), (Q, U c , D c , H u H 2 ) ^ (Q, U c , D c , H 1 , H 2 ), (3.46) 
est une parite leptonique et la symetrie, 

(Q, U c , D c ) ^ -(Q, U c , D c ), (L, E c , H u H 2 ) ^ (L, E\ H u H 2 ), (3.47) 

est une parite baryonique. Ces trois symetries discretes sont defmies sur les superchamps 
chiraux et laissent les superchamps vectoriels invariants. Notons que les composantes de 
spin 0, 1/2 et 1 des superchamps se transforment sous des symetries discretes comme 
les superchamps eux-memes. Les couplages de Yukawa sont conserves sous les symetries 
3.45, 3.46 et 3.47. Souvent, on appelle ces symetries 3.45, 3.46 et 3.47 parites de matiere, 
parites leptoniques et parites baryoniques, respectivement, et on nomme les symetries 
interdisant les couplages en A, A', A" parites de matiere generalisees, en A, A' parites lepto- 
niques generalisees et en A" parites baryoniques generalisees. 
Dans [60], la forme generate d'une symetrie Zn definie par, 

^ ^ ^ ^ = g ; jjc^ D c j L> E c^ Ru H ^ (3>4g) 

et autorisant les couplages de Yukawa a ete donnee. Cette forme generate a permis aux 
auteurs de [60] de determiner la liste complete des symetries Z 2 et Z 3 independantes qui 
autorisent les couplages de Yukawa. Des symetries Z^ avec de grandes valeurs de iV sont 
peu naturelles d'un point de vue esthetique ainsi que du point de vue des theories de 
cordes. Nous presentons dans la Table 3.1 les charges associees a toutes les symetries Z 2 
independantes autorisant les couplages de Yukawa. La Table 3.1 montre que le nombre 
de ces symetries Z 2 est etonnement petit etant donne le peu de contraintes imposees. 
Le nombre des symetries Z 2 independantes et compatibles avec l'existence des couplages 
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de Yukawa peut meme etre reduit davantage si l'on requiert l'existence un terme /x du 
type de Eq.(3.37) ainsi que l'absence de toute contribution significative par des operateurs 
de dimension 5 (voir Eq.(3.13) et Eq.(3.14)) a la desintegration des nucleons. En effet, 
les seules symetries satisfaisant a ces deux conditions supplementaires sont les symetries 
PL1 et PB1 (voir Table 3.1). La symetrie PL1 autorise l'operateur C 3 de Eq.(3.13) mais 
interdit les couplages en A' de sorte que 3 ne peuvent contribuer dangereusement a la 
desintegration des nucleons (voir Section 3.2.1). De meme, la symetrie PB1 permet l'exis- 
tence des O4, Oiq de Eq.(3.13) et Eq.(3.14) mais interdit les couplages en A" et done les 
O4, ...,0io ne peuvent contribuer a la desintegration des nucleons de fagon significative. 
En effet, les seules contraintes relevantes sur les coefficients 774, ...,r/i viennent de combi- 
naisons entre les operateurs C 4 , O w et U C D C D C . Les deux conditions supplementaires 
decrites plus haut ne sont cependant pas obligatoires. D'une part, un terme /i (necessaire 
a une brisure electrofaible correcte) interdit par une certaine symetrie discrete peut tout 
de meme etre genere par la brisure spontanee de cette symetrie. Ce mecanisme permet 
en outre de predire la valeur de \i comme nous l'avons explique dans la Section 3.3.2 
pour le cas de la brisure spontanee d'une R-symetrie. D 'autre part, la suppression de 
toute contribution significative par des operateurs de dimension 5 a la desintegration des 
nucleons n'est pas necessairement assuree par des symetries, et son origine peut etre liee 
a une nouvelle physique, comme mentionne au debut de la Section 3.3. 

3.4 Motivations theoriques de la parite de matiere 
ou R-parite 

Si le proton n'est pas protege de sa desintegration par une parite de matiere, mais 
seulement par une parite leptonique ou baryonique ou bien par une symetrie interdi- 
sant uniquement les couplages A' ou A + A", certains couplages A, A' ou A" du lagran- 
gien 3.9 peuvent etre presents. Un tel scenario implique des effets importants sur la 
phenomenologie de la supersymetrie aupres des collisionneurs de particules. D'un point 
de vue phenomenologique, l'impact majeur d'une violation de la parite de matiere, ou 
violation de la R-parite (|? p ) , est lie a la stabilite de la particule supersymetrique la plus 
legere (LSP) : En presence des couplages |? p A, A' ou A", la LSP n'est plus stable car elle 
peut se desintegrer en particules du Modele Standard plus legeres qu'elle. Les signaux 
caracteristiques des reactions supersymetrique ne sont alors plus des etats finals avec une 
grande energie manquante mais des signatures multileptoniques ou multi-jets, suivant 
le couplage |? p dominant. En presence de couplages fi p , une particule supersymetrique 
peut aussi etre produite a la resonance et donner ainsi lieu a une decouverte spectacu- 
laire de la supersymetrie aupres d'un collisionneur de particules. Par consequent, etant 
donne les effets importants des couplages ftp sur la phenomenologie de la supersymetrie, 
il est crucial de savoir si le proton est protege par une parite de matiere, ou en d'autres 
termes, si la symetrie de R-parite est conservee. Dans cette partie, nous nous demande- 
rons si les theories actuelles majeurs favorisent davantage les modeles avec ou sans parite 
de matiere. Nous constaterons qu'aujourd'hui aucun argument theorique ne permet de 
trancher clairement entre un scenario R p et . 
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3.4.1 Point de vue des symetries discretes de jauge 

Un resultat theorique fort interessant a ete obtenu dans [68] : Toute symetrie non 
jaugee est fortement violee par des effets de gravite quantique. Les symetries globales 
ainsi violees ne peuvent pas garantir la stabilite du proton [69]. Les auteurs de [70] ont 
cependant montre que les symetries discretes obtenues par brisure spontanee de symetries 
de jauge (symetries discretes de jauge) echappent a ces effets de gravite quantique et 
peuvent done etre conservees. Cela suggere que la symetrie discrete assurant la stabilite 
du proton so it une symetrie discrete de jauge. Or les symetries discretes de jauge sont 
soumises a certaines contraintes provenant des conditions d'annulation des anomalies des 
symetries de jauge originelles. Ces contraintes sont interessantes dans la mesure ou elles 
constituent des arguments theoriques en faveur de l'elimination de certaines symetries 
discretes jusqu'alors possibles. 

Par exemple, considerons une theorie effective de basse energie comprenant les super- 
champs non massifs de charges qi G Z sous une symetrie Zn donnee. Supposons que 
cette symetrie descende d'une symetrie de jauge U(l). La condition d'annulation de 
l'anomalie U{1) — U(l) — U(l) de la la symetrie de jauge U(l) originelle s'ecrit, 

£Q« = 0, (3-49) 

a 

ou les Q a sont les charges associees a la symetrie U(l) de tous les fermions non massifs 
de la theorie. Ces charges sont necessairement du type, 

=qi + rruN, Q(H) = m H N, m h m H G Z, (3.50) 

pour les superchamps $j et le superchamp H dont la composante scalaire acquiert une 
vev brisant la symetrie de jauge U(l). En effet, l'invariance sous U(l) du terme du super- 
potentiel responsable de la brisure spontanee de U(l), 

W = $i$ 2 ...$„iJ A , heZ, (3.51) 

implique d'apres Eq.(3.50), 

n n 

£ Q($i) + hQ(H) = J2(Qi + rruN) + hm H N = 0. (3.52) 

i=l i=l 

Par consequent, apres que la symetrie U(l) est brisee par la vev de H, il apparait bien 
que le terme 3.51 qui devient alors, 

W = $i$ 2 ...$n < H > h ,heZ, (3.53) 
est invariant sous la symetrie Z N puisque Ton a d'apres Eq.(3.52), 

n n 

J2Vi = -J2 m i N - hm H N = kN, k G Z. (3.54) 
i=i i=i 

La theorie dans sa totalite contient les superchamps <3>j de la theorie effective mais aussi 
les superchamps qui acquierent une masse lors de la brisure du groupe U(l). Or les charges 
U(l) de ces derniers doivent aussi etre prises en compte dans Eq.(3.49). Les charges U(l) 
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des superchamps $j acquerant une masse lors de la brisure de U(l) sont du meme type 
que les charges U(l) des superchamps effectifs $j (voir Eq.(3.50)), c'est a dire du type 
Q(Qj) = qj + rrijN, ou qj est la charge de $j sous la symetrie Zn et rrij G Z. Les charges 
des superchamps $j sont contraintes, par l'invariance sous Zjv des termes de masse 
W = m&j&ji a etre du type, 

q] + qj = IjN, lj E Z. (3.55) 
Cette equation est equivalente a l'equation, 

q] + rrfjN + qj + rrijN = (lj + m) + m 3 -)JV, / i? m?, 6 Z, (3.56) 

qui donne une relation sur les charges U(l) des superchamps $j : 

Q(^ c ) + Q($,)=^iV, ft eZ, (3.57) 

qui peut aussi s'ecrire, 

g 3 (^ c ) + Q 3 ($,) = pjNfzQ^j) - 3p,iVQ(^) +p 2 7V 2 ), Pj e Z. (3.58) 

Les charges Z N des superchamps de Majorana Sj, acquerant eux une masse par des termes 
du type W = mSj lors de la brisure de U(l), sont contraintes par, 



ou kj est pair si N est impair, soit encore 



q s 3 = kj E Z. (3.59) 



(kj + 2m s AN 

q* + m °N = ^ P j e Z, (3.60) 



W;) = ^V, ^ G Z (3.61) 



avec fcj pair si N est impair. L'equation Eq.(3.60) donne une relation sur les charges U(l) 
des superchamps Sj : 

p'jN 
T 

oupj- est pair si A/" est impair. Finalement, en remplagant Eq.(3.50),Eq.(3.58) et Eq.(3.61) 
dans Eq.(3.49), on obtient une contrainte, sur les charges d'une symetrie Zn descendant 
d'une symetrie de jauge U(l), qui peut s'ecrire [71], 

N 3 

^2qf = mN + r/n—— , m, n E Z, (3.62) 

i 8 

avec 7] — 1, pour A" = pair, impair et, 

m = - Ei fern* + ZqimlN + m 3 A^ 

- Ej \PjN$Q 2 (®i) ~ 3v 3 NQ(<$>j) + p 2 Ar 2 )) , ( 3 - 63 ) 

la somme sur i etant prise sur les superchamps de la theorie effective et la somme sur j sur 
les superchamps acquerant une masse lors de la brisure de U(l). De meme, les conditions 
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d'annulation des anomalies U(l) — Gravitation — Gravitation, £7(1) — SU (M) — SU (M) 
donnent respectivement les contraintes, 

Y / q i =pN + nq^-, p,qEZ, (3.64) 
i A 

J2T iqt = l-rN, reZ, (3.65) 
i 1 

ou les Tj sont les Casimirs quadratiques de SU(M) correspondant a chaque representation, 
avec une normalisation telle que le Casimir est egal a 1/2 pour un M-plet. Dans Eq.(3.64) 
et Eq.(3.65) les nombresp, q et r obeissent a des egalites du type de Eq.(3.63) [71]. II est im- 
portant de realiser que les egalites 3.62, 3.64 et 3.65 representent des conditions necessaires 
mais pas suffisantes pour que la symetrie considered puisse decouler d'une symetrie 
de jauge U(l). En effet, pour une symetrie Zn donnee il n'existe pas necessairement un 
modele acceptable comprenant une symetrie de jauge originelle U(l) satisfaisant entre 
autre a Eq.(3.63). Certains modeles realistes contenant des symetries de jauge U(l) en- 
gendrant des symetries discretes Zn a basse energie ont ete construits explicitement dans 
[71, 60]. 

Dans [60], il a ete montre, a partir de la forme generale d'une symetrie Z N autorisant 
les couplages de Yukawa, que les seules symetries Zn respectant les contraintes 3.62, 3.64 
et 3.65, c'est a dire les seules symetries Zn pouvant decouler d'une symetrie de jauge 
£7(1), sont la symetrie PM1 (voir Section 3.3.4) et la symetrie Z 3 definie par les charges 
suivantes, 

q(Q) = 0, q(U c ) = -1, q(D c ) = 1, q(L) = -1, q(E c ) = 2, g(^) = -1, q(H 2 ) = 1. 

(3.66) 

Ces deux symetries autorisent un terme \i (voir Eq.(3.37)). La symetrie de Eq.(3.66) 
supprime toute contribution dangereuse par des operateurs de dimension 5 (voir Eq.(3.13) 
et Eq.(3.14)) a la disintegration des nucleons, pour les memes raisons que la symetrie PB1 
(voir Section 3.3.4). En revanche, la symetrie PM1 autorise l'existence de l'operateur 0\ 
qui engendre une disintegration rapide du proton (voir Section 3.2.1). En conclusion, si 
la symetrie protegeant le proton est une symetrie discrete de jauge Z^ provenant d'une 
symetrie de jauge U(l), elle peut etre aussi bien une parite de matiere (PM1) ou une 
parite baryonique (symetrie Z 3 definie dans Eq.(3.66)), avec une preference pour la parite 
baryonique qui interdit toute contribution dangereuse par des operateurs de dimension 5 
a la disintegration des nucleons. Les auteurs de [72] ont meme montre que les resultats de 
[60] dependent du modele considere, autorisant ainsi un plus grand nombre de symetries 
discretes de jauges. 

Mentionnons aussi que dans certains modeles [73] les couplages en A, A' et A" sont 
supprimes par un facteur Mx/Mp dans lequel Mx est l'echelle de brisure d'une symetrie 
de jauge supplementaire U{1). 

Les R-symetries discretes de jauge proviennent de R-symetries jaugees, or les R- 
symetries continues posent de serieux problemes lies aux masses du gravitino et des gluinos 
comme nous l'avons vu dans la Section 3.3.2. De plus, les R-symetries ne peuvent etre 
jaugees que dans un contexte de supersymetrie locale [74]. En effet, d'apres Eq.(3.15, 
3.16,3.17) les transformations associees a une R-symetrie de jauge s'ecrivent, 

V k (x,e,6) -> V k {x,6e- ia{x) ,6e ia{x) ), (3.67) 
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(3.68) 



e -iRMx) ^(x^e^), 



(3.69) 



et sont des formes speciales de transformations locales dans le superespace qui peuvent 
etre vues comme des transformations locales sur les champs. Le fait que les R-symetries 
de jauge n'existent que dans les theories de supersymetrie locale peut aussi etre vu de 
la maniere suivante. II est clair que les transformations de R-symetries (voir Eq.(3.15), 
Eq.(3.16) et Eq.(3.17)) ne commutent pas avec les transformations de supersymetrie. La 
relation d'anti-commutation entre les generateurs R de R-symetries et les generateurs Q a 
de la supersymetrie s'ecrit [Q a , R] = i{^)aQp [31]- Or, cette relation d'anti-commutation 
reste vraie quand le generateur R depend des coordonnees d'espace-temps, seulement si les 
generateurs Q a deviennent eux aussi les generateurs d'une supersymetrie locale. Malgre 
les difficultes engendrees par les R-symetries de jauge et la necessite de considerer de telles 
symetries en supersymetrie locale, certains modeles bases sur des R-symetries jaugees ont 
ete construits [74, 75, 76]. De tels modeles peuvent preserver la stabilite du proton soit 
en engendrant des R-symetries discretes de jauge soit en generant des couplages en A, A', 
A" supprimes par un facteur M/M P , M etant une echelle d'energie. Certains des modeles 
avec R-symetrie de jauge construits [74] peuvent proteger le proton de sa disintegration 
tout en autorisant certains couplages R p . 

3.4.2 Point de vue des theories de grande unification (GUT) 

Nous considerons dans un premier temps le cas du modele de grande unification base 
sur le groupe de jauge SU(5) [77] qui est le groupe le plus petit pouvant contenir le groupe 
de jauge du Modele Standard sans rajouter de nouveaux fermions. Puis nous discuterons 
les theories de grande unification en general. 

Rappelons que dans le modele de grande unification SU(5), les superchamps L et D c 
sont contenus dans une representation 5 de SU(5), alors que Q, U c et E c appartiennent 
a une representation 10 de SU (5) : 



ou <j 2 est une des matrices de Pauli. Quant aux superchamps de Higgs Hi et H 2 , ils sont 
dans des representations 5# et 5#, respectivement. Ces deux representations contiennent 
aussi des superchamps de Higgs additionnels triplets de SU(3) C . La theorie GUT basee 
sur le groupe de jauge SU(5) contient le superchamp E appartenant a la representation 
24 (adjointe de SU (5)) qui brise spontanement SU (5), donnant ainsi aux bosons de jauge 
de SU (5) ainsi qu'aux superchamps de Higgs triplets de SU (3) c des masses de l'ordre de 
< S >~ M GUT , Mqut etant l'echelle de la theorie GUT. Dans le modele SU(5), les 
interactions de Yukawa s'ecrivent, 



ou les hij et hij sont les constantes de couplages de Yukawa. Quant aux interactions R. 
elles decoulent toutes d'un seul et meme operateur : 




(3.70) 



W = hiAO'lO^H + ^,10*5*5 



(3.71) 



10*5^5^ 



h-> XijkLjLkEt, \' ijk L k QiDj, X'( jk U^DjD c k . 



(3.72) 
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Par consequent il ne semble pas a priori possible d'interdire uniquement certains termes 
]fi p , comme par exemple les couplages en A', en imposant une symetrie. La seule symetrie 
protegeant le proton parait done etre une parite de matiere, dans le modele £77(5). En 
realite, cette premiere conclusion est fausse car certains couplages sont engendres par 
des operateurs distincts non renormalisables de dimension 5 et 6 qui deviennent renorma- 
lisables apres brisure de SU (5) : 

(10*£) 10 (5»5*) ft ~ \ ijk LjL k E-, \' ijk L k QiDj, \" jk U°DjDl (3.73) 
(10*£) 15 (5^5 fe ) f5 » K, k L k Q i D c j (3.74) 
(10 l S) 15 ([^'5^-0^15 » \' ijk L k QiD?. (3.75) 

Dans l'operateur de Eq.(3.74) e'est la representation symetrique (15) du produit 5 J 5 fe qui 
est selectionnee. Par consequent cet operateur engendre des couplages symetriques 
dans les indices de saveur j et k, puisque Ton a, 

^aM^a = A ijk (H5 k a )i 5 = A^(5jSj) ft = A ikj m h b )i5: (3.76) 

ou a, b = 1, 5 sont des indices du groupe SU(5). C'est pour cette raison que l'operateur 
de Eq.(3.74) n'engendre pas les couplages \j k et \'^ k qui sont antisymetriques dans les 
indices de saveur j et k (voir Eq.(3.2) avec la notation des couplages |? p de Eq.(3.72)). 
L'operateur de Eq.(3.73) engendre les couplages \j k ,^ij k et A" jfe car c'est la representation 
antisymetrique (10) du produit 5-?5 fe qui est selectionnee. L'operateur de Eq.(3.75) ne 
genere pas \j k et \"j k car (10*E)i 5 ne se projete que sur le superchamp Q de la representa- 
tion 10 de Eq.(3.70) apres brisure de SU(5). Des operateurs comprenant des puissances 
n > 2 de < E > n se reduisent a des combinaisons des operateurs de Eq.(3.73), Eq.(3.74) 
et Eq.(3.75) car < S > n est une combinaison lineaire de < S > et de l'identite 
pour tout n. II est done possible d'imposer une symetrie supprimant les operateurs de 
Eq.(3.72), Eq.(3.73) et Eq.(3.74) et autorisant l'operateur de Eq.(3.75), protegeant ainsi 
le proton en permettant uniquement l'existence de couplages \' i:jk . Ce scenario est aussi 
possible si seul l'operateur de Eq.(3.74) existe. Illustrons cette alternative par un "toy 
model". Considerons un modele contenant, en plus des superchamps du modele SU(5), 
deux superchamps S et S appartenant respectivement a des representations 15 et 15 de 
SU(5) ainsi qu'un superchamp $ singlet de jauge. La presence simultanee du superchamp 
S et de son conjugue de charge S preserve l'annulation des anomalies de SU(5). Imposons 
la symetrie discrete Zn caracterisee par les charges, 

g(10) = -1, q(5) = 3, q(5 H ) = 2, q(5 H ) = -2, g(S) = 0, q(S) = -6, q(S) = 1, g($ ) = 5. 

(3.77) 

Cette symetrie autorise les couplages de Yukawa de Eq.(3.71), les couplages responsables 
de la brisure de SU(5) et SU(3) C x SU(2) L x U(l)y et enfin les termes suivants, 

W = £(10 l £) 15 + 5(5 J '5 fc )i- 5 + SS$. (3.78) 

Si $ acquiert une vev < $ >~ Mx a l'echelle Mx > Mqut, la theorie effective a Mqut, 
obtenue en integrant S et S dans Eq.(3.78), contient l'operateur de Eq.(3.74). Dans un 
tel modele, les couplages A' generes sont en A' ~ M GUT /M X - 

II est aussi possible dans le modele SU (5) de proteger le proton par une parite lepto- 
nique ou baryonique [77]. En effet, supposons une symetrie interdisant les operateurs de 
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Eq.(3.72) et de Eq.(3.73), Eq.(3.74) et Eq.(3.75) mais autorisant les termes bilineaires de 
Eq.(3.1) (representant des couplages ) qui s'ecrivent dans le modele SU(5), 

W = fi k 5 k 5 H . (3.79) 

Ce terme couple le superchamp de Higgs triplet de SU(3) C contenu dans la representation 
5 H avec le superchamp D c de la representation 5 de Eq.(3.70). Or, ce superchamp de 
Higgs triplet de SU(3) C acquiere une masse de l'ordre de < X >~ Mqut- Done, en 
integrant ce superchamp dans les superpotentiels 3.71 et 3.79, on obtient dans la theorie 
effective a une echelle juste inferieure a Mqut uniquement des couplages A" et qui sont 
de l'ordre, 

K 3k ~ K-jp-- (3.80) 
Mgut 

De meme, l'integration du superchamp de Higgs du MSSM dans les superpotentiels 3.71 
et 3.79 permet de ne generer que des couplages A^ et A' ijfc , qui seraient alors de l'ordre 
de hijfik/fi, \i etant le parametre de Eq.(3.37). 

De maniere general, dans les theories GUT, les superchamps de quarks et de leptons 
sont compris dans les memes supermultiplets et ont par consequent les memes charges 
associees aux symetries discretes. II ne semble done pas possible a priori d'imposer dans 
les theories GUT une symetrie n'interdisant que certains couplages parmi A, A' et A", 
qui distingue typiquement les quarks des leptons, et le seul type de symetrie paraissant 
pouvoir proteger le proton est une parite de matiere. Cependant, plusieurs modeles GUT 
protegeant le proton par des symetries differentes de la R-parite ont ete elabores dans la 
litterature [67, 77, 78, 79, 80]. En general, ces modeles engendrent certains des couplages 
A, A', A" a partir d'operateurs non renormalisables qui deviennent renormalisables apres 
brisure du groupe de jauge de grande unification. De tels modeles GUT ont par exemple 
ete construits pour les groupes de jauge SU(5) [67, 77], SO (10) [77] et SU(5) x U(l) 
[77, 78, 79]. En conclusion, le choix entre une parite de matiere et une autre symetrie 
pour proteger le proton reste de maniere general tout a fait arbitraire dans les theories 
GUT. 



3.4.3 Point de vue des theories de cordes 

Dans les theories de cordes, l'unification des interactions du Modele Standard peut 
etre realisee sans un groupe simple, par contraste avec les modeles de grande unifica- 
tion mentionnes dans la Section 3.4.2. Les superchamps de quarks et de leptons peuvent 
done sans difficulte appartenir a des multiplets differents et avoir ainsi des charges dis- 
tinctes sous une symetrie discrete, de telle sorte que cette symetrie puisse proteger le 
proton de sa disintegration en interdisant seulement certains couplages parmi A, A' et 
A". Des theories de cordes avec conservation ou violation de la R-parite ont toutes deux 
ete construites dans la litterature [81, 82]. II ne semble pas par ailleurs y avoir d'argu- 
ments theoriques en faveur d'une parite de matiere ou d'une autre symetrie empechant la 
disintegration rapide du proton, du point de vue des theories de cordes a l'heure actuelle. 

3.4.4 Conclusion 

En conclusion, le cadre theorique actuel ne motive pas davantage un scenario avec 
violation ou conservation de la symetrie de R-parite. Par consequent, les deux types de 
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modeles R p et ft p doivent etre consideres au meme titre du point de vue de la phenomenologie 
de la supersymetrie aupres des prochains collisionneurs. 
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Chapitre 4 



Production simple des particules 
supersymetriques par les interactions 
violant la R-parite 

4.1 Motivations 

D'apres la conclusion du Chapitre 3, d'un point de vue theorique, les modeles avec 
violation de la R-parite sont a considerer au meme titre que les modeles dans lesquels la 
R-parite est conservee. Par consequent, les modeles avec violation de la R-parite doivent 
etre etudies dans la phenomenologie de la supersymetrie aupres des collisionneurs de par- 
ticules actuels et futurs. D'un point de vue phenomenologique, il apparait aussi tout a 
fait important d'etudier les scenarios de violation de la R-parite dans la mesure ou les 
signaux de la supersymetrie dans les collisionneurs sont fondamentalement different s dans 
les scenarios de violation et de conservation de la R-parite. En effet, la production de par- 
ticules supersymetriques dans les collisionneurs donnerait lieu typiquement a des cascades 
de disintegrations se terminant par la production de la particule supersymetrique la plus 
legere appelee LSP (Lightest Supersymmetric Particle). Or la LSP ne peut se desintegrer 
ni par des interactions de jauge ni par des interactions de Yukawa, qui couplent toutes 
un nombre pair de particules supersymetriques (voir Chapitre 1). En revanche, la LSP 
a la possibility de se desintegrer uniquement en particules du Modele Standard par des 
interactions violant la R-parite (voir Chapitre 3). Les etats finals caracteristiques de la 
production de particules supersymetriques dans les collisionneurs sont done des etats 
contenant une grande energie manquante dans les scenarios R p et des etats multilepto- 
niques ou multijets dans les scenarios ft p (si le temps de vie de la LSP est suffisamment 
court pour que celle-ci se desintegre dans le detecteur). 

Dans l'hypothese ou certains couplages fi p ne seraient pas nuls, il serait naturel de 
tenter de determiner experiment alement l'intensite de ces couplages. Le premier probleme 
phenomenologique sur lequel nous nous sommes penches a done ete le calcul de la sensi- 
bilite qui peut etre obtenue sur la valeur absolue des differentes constantes de couplage 
ftp- 

Tout d'abord, la valeur des constantes de couplage fi p peut etre deduite de la longueur 
de "vol" de la LSP, e'est a dire de la distance entre le vertex de production de la LSP et le 
vertex de disintegration de la LSP par des interactions ft p . Notons que cette methode n'est 
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envisageable que si les positions des vertex de production et de disintegration la LSP sont 
identifiables, c'est a dire si ces vertex connectent au moins 2 particules detectables par les 
calorimetres hadroniques et leptoniques, a savoir des jets ou des leptons charges mais pas 
des neutrinos. De plus, cette methode est particulierement delicate dans les collisionneurs 
hadroniques qui generent de nombreuses traces de particules dans les detecteurs. Cher- 
chons maintenant les valeurs maximums de constantes de couplage fl p auxquelles seraient 
sensibles une telle etude de vertex deplace de la LSP. Ces valeurs maximums dependant de 
la nature de la LSP ainsi que de la geometrie et des performances du detecteur considere. 
Nous considererons le detecteur d'un futur collisionneur lineaire [83, 127] afin de travailler 
dans un contexte de collisions leptoniques et dans des conditions de performance opti- 
male. Par ailleurs, nous supposerons que la LSP est le plus leger des neutralinos (note 
Xi), comme c'est le cas typiquement dans les modeles de supergravite. Partons de la 
longueur de vol du Xi dans le referentiel du laboratoire qui est donnee en metres par [84], 

ou A = A, A' ou A", c est la vitesse de la lumiere, 7 le facteur du boost de Lorentz, 
t lsp le temps de vie du Xij ^lsp 1 & niasse du Xi e t M la masse de la particule super- 
symetrique echangee dans la desintegration du Xi impliquant le couplage A considere : 
La desintegration du Xi P ar des interactions fi p est du type Xi ~ * fifii ft ~^ fjfk °h 
/* est une particule scalaire supersymetrique virtuelle et /j, fj et fk sont des fermions 
du Modele Standard. Aux collisionneurs lineaires, la precision sur les parametres d'im- 
pact devrait etre nettement amelioree par rapport aux performances de LEP II : Alors 
que la precision sur la position de vertex secondaires est typiquement de 5 lCT 5 m au 
LEP, la precision esperee aux collisionneurs lineaires atteind 5 10~ 6 m. Par consequent, 
si Ton prend la convention de demander quatre ecarts standards (4a) et si Ton suppose 
que l'erreur sur la distance separant les vertex primaire et secondaire est principalement 
controlee par l'incertitude sur la position du vertex secondaire, alors la distance minimum 
entre deux vertex necessaire pour distinguer experimentalement ces deux vertex, et done 
la plus petite longueur de vol mesurable, est de l'ordre de 2 10~ 5 m aux collisionneurs 
lineaires. D'apres Eq.(4.1), les valeurs de constantes de couplage fl p pouvant etre testees 
par la methode d'analyse de vertex deplace sont done typiquement majorees par, 

, «,«4 1/2/ M , 2/ 100GeV ,c /2 /in . 

A < 1.2 l(T 4 7 1/2 ( — ) 2 ( ) 5/2 . (4.2) 

[ K 100GeV J K M LSP ' y ' 

Or les limites experiment ales indirectes sur les constantes de couplage fl p obtenues a basse 
energie sont de l'ordre de A < 1CT 1 — 1CT 2 pour des masses des particules supersymetriques 
de lOOGeV [85, 86, 87]. La methode d'analyse de vertex deplace de la LSP ne permet 
done pas de tester tout l'interval des valeurs de constantes de couplage fi p possibles. 
La seconde methode permettant de determiner la valeur des constantes de couplage 
est l'etude de la production de particules du Modele Standard (MS) ou de particules 
supersymetriques par des interactions fl p . En effet, les sections efheaces de telles produc- 
tions sont proportionnelles a des puissances des constantes de couplage ftp et Ton peut 
done deduire de leur valeur l'intensite des couplages fi p en fonction d'autres parametres 
supersymetriques. L'etude de la production de particules du MS ou de particules super- 
symetriques par des interactions fl p permet de tester plus facilement de grandes valeurs 
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des constantes de couplage ft p , celles-ci favorisant les sections efficaces des productions 
etudiees par rapport aux sections efficaces des bruits de fond associes. Les etudes de pro- 
ductions de particules du MS via des interactions ^? p dans les collisionneurs hadroniques 
[88]- [94] et leptoniques [95]- [109] ont montrees que les constantes de couplage ft p pouvaient 
etre testees jusqu'a des valeurs inferieures aux limites de basse energie [85, 86, 87]. Les 
productions de particules du MS via des interactions ft p , qui sont en fait des contribu- 
tions ft p a des reactions du MS, impliquent 2 vertex ft p et ont done des sections efficaces 
proportionnelles a A 4 (A = A, A' ou A"). Les productions de particules impliquant un seul 
vertex ft p ont des sections efficaces proportionnelles a A 2 qui sont done moins reduites 
etant donne les bornes existant sur les couplages ft p [85, 86, 87]. Les productions de 
particules impliquant un seul vertex ft p sont des productions d'une seule particule su- 
persymetrique appelees productions simples de particule supersymetrique. L'etude des 
productions simples de particule supersymetrique permet, tout comme l'etude des contri- 
butions ft p a des reactions du MS, de tester des valeurs des constantes de couplage ftp. 
Les etudes de contributions ft p a des reactions du MS permettent d'etablir des limites sur 
certaines constantes de couplage ft p qui ne sont pas testables via les productions simples, 
comme par exemple la constante de couplage Ai 33 [110]. De plus, les etudes de contri- 
butions ft p a des reactions du MS permettent d'etudier des produits de differents cou- 
plages ftp ce qui est impossible via les productions simples. En revanche, les productions 
simples ayant des sections efficaces proportionnelles a A 2 uniquement, leur etude permet 
d'obtenir de fortes sensibilites sur certains couplages ft p comparativement aux limites de 
basse energie mais aussi par rapport aux sensibilites obtenues via les contributions ft p a 
des reactions du MS, comme nous le montrerons dans les Sections 4.2 et 4.3. De plus, 
l'etude des productions simples permet de tester des valeurs des constantes de couplage 
ftp pouvant atteindre ~ 10~ 4 , comme nous allons aussi le montrer dans les Sections 4.2 
et 4.3, mettant ainsi en evidence une grande complementarite entre les 2 methodes de 
determination des valeurs des constantes de couplage ft p (analyse de vertex deplace de la 
LSP et etude de la production de particules supersymetriques par des interactions ft p ). 

Du point de vue de la decouverte de la supersymetrie, la production simple presente 
aussi certains interets. En effet, dans un contexte de violation de la R-parite, l'analyse 
de la production simple de particule supersymetrique permet, tout comme l'analyse de 
la production de paire de particules supersymetriques, d'etudier les parametres SUSY et 
de reconstruire les masses des particules SUSY d'une maniere independante du modele 
theorique. Dans un scenario ft p oil les valeurs des constantes de couplage ft p sont faibles, 
la production simple de particule SUSY a une section efficace inferieure a celle de la 
production de paire de particules SUSY qui n'implique pas de vertex ftp. Dans un tel 
scenario, la production de paire de particules SUSY est la reaction favorisee pour l'etude 
des parametres SUSY et de la reconstruction des masses des particules SUSY aupres des 
futurs collisionneurs leptoniques (collisionneurs lineaires) [111] et hadroniques, a savoir 
le Tevatron (Run II) [112, 113, 114, 115] et le LHC [116]. En revanche, dans un scenario 
ftp oil les valeurs des constantes de couplage ft p sont proches de leur borne indirecte ac- 
tuelle [85, 86, 87], l'analyse de la production simple de particule SUSY permet d'obtenir 
une meilleure sensibilite sur certains parametres SUSY que celle obtenue par la produc- 
tion de paire de particules SUSY, comme nous allons le voir dans les Sections 4.2 et 4.3. 
La raison est que l'espace de phase de la production simple est moins reduit que celui 
de la production de paire. De plus, dans un tel scenario, la production simple de parti- 



81 



cule SUSY permet de reconstruire les masses des particules SUSY avec un bruit de fond 
combinatoire plus faible que celui de la production de paire de particules SUSY, comme 
nous le montrerons aussi dans les Sections 4.2 et 4.3. Ceci est du au fait que la production 
simple de particule SUSY ne genere qu'une seule cascade de disintegration de particules 
SUSY alors que la production de paire en genere deux ce qui complique 1' identification 
de l'origine des particules de l'etat final. 

Nous nous sommes done interesses a l'etude de la production simple de particule 
supersymetrique. Dans les deux sections suivantes, nous presentons les resultats de cette 
etude dans le cadre des collisionneurs hadroniques (Section 4.2) et leptoniques (Section 
4.3), en se concentrant sur la sensibilite qui peut etre obtenue par une telle etude sur les 
constantes de couplage ft p . 

4.2 Collisionneurs hadroniques 

Nous presentons dans cette section des etudes de production simple de particule SUSY 
aux collisionneurs hadroniques. Precisons que dans ces etudes, pour des raisons de simpli- 
fication, nous avons toujours suppose qu'une seule constante de couplage ft p etait domi- 
nante par rapport aux autres. Cette hypothese peut etre justifiee par l'analogie entre les 
structures des interactions de Yukawa et des interactions |? p et la forte hierarchie existant 
parmi les couplages de Yukawa. 

La production simple de particule SUSY aux collisionneurs hadroniques implique des 
interactions A' ou A". Dans le cas d'une constante de couplage A" dominante, la particule 
SUSY creee dans la production simple donnerait lieu a une cascade de disintegration 
se terminant par la disintegration de la LSP en 3 jets via le couplage A" dominant. La 
production simple conduirait done typiquement a des etats finals multijets, or les etats 
finals multijets ont un grand bruit de fond QCD [88, 89]. II est done plus prometteur dans 
un premier temps de se concentrer sur les productions simples de particule SUSY aux 
collisionneurs hadroniques impliquant des interactions A'. 

Par ailleurs, il est plus interessant de considerer les productions simples de particule 
SUSY du type 2^2 — corps afin d'optimiser l'espace de phase. Toutes les productions 
simples de particule SUSY aux collisionneurs hadroniques du type 2^2 — corps et 
impliquant des interactions A' sont presentees dans la Figure 4.1 et dans la liste suivante, 

- la production de gluino Ujdk — > gh via I'echange d'un squark ujl (dkR) dans la voie 
t{u), 

- la production de squark d^g — * d\ R v,i via I'echange d'un squark dkR (quark dj) dans 
la voie t (s), 

- la production de Ujg — > d* kR li via I'echange d'un squark dkR (quark Uj) dans la voie 
t(s), 

- la production de squark dkg — > dj L Ui via I'echange d'un squark djL (quark dk) dans 
la voie t (s), 

- la production de squark dkg — > Ujdi via I'echange d'un squark ujl (quark dk) dans 
la voie t (s), 

- la production de sneutrino djdk — > Zu iL via I'echange d'un quark d k ou dj (sneutrino 
Vi£) dans la voie t (s), 
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FlG. 4.1: Diagrammes de Feynman des 4 processus de production simple de particule SUSY via 
aux collisionneurs hadroniques qui sont du type 2^2 — corps et qui recoivent une contribution de la 
production resonante d'un partenaire supersymetrique. Les couplages A^- fe sont symbolises par des cercles 
et les fleches representent les moments des particules. 

- la production de slepton charge Ujdk — * Zl iL via l'echange d'un quark d fc ou Uj 
(slepton liLj dans la voie t (s), 

- la production de sneutrino Ujdk — > W'UiL via l'echange d'un quark dj (slepton In) 
dans la voie t (s), 

- la production de slepton charge djdk — > W + ln via l'echange d'un quark Uj (sneutrino 
tin) dans la voie t (s). 

Les productions simples representees dans la Figure regoivent une contribution de la 
production resonante d'une particule supersymetrique, a l'inverse des productions simples 
listees ci-dessus. Effectivement, les seules productions simples parmi la liste ci-dessus 
pouvant eventuellement regevoir une contribution de production resonante de particule 
SUSY sont les reactions Ujdk — > In — > W~ViL et djdk — > v iL — > W + Ul- Or, dans la plupart 
des modeles SUSY, comme par exemple les modeles de supergravite ou les modeles GMSB, 
la difference de masse entre le slepton charge Left et le sneutrino Left est due aux termes 
D de telle sorte qu'elle est fixee par la relation m~± — m| = cos 2(3 [25] et n'excede 
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done pas la masse du boson W . Notons cependant que dans les scenarios a grand tan/5, 
les masses Left-Right (m^)y peuvent atteindre des valeurs non negligeables pour les 
particules appartenant a la troisieme famille (voir Eq.(1.109)), generant ainsi un melange 
entre les particules scalaires Left et Right de la troisieme famille. Les particules scalaires 
de troisieme generation peuvent done avoir un etat propre de masse inferieure aux masses 
des particules scalaires Left et Right de premiere et seconde generation et l'autre etat 
propre de masse superieure aux masses des particules scalaires Left et Right de premiere 
et seconde generation. Dans un scenario a grand tan/3, on peut par exemple avoir la 
hierarchie suivante parmi les sleptons charges : m-± > m z ± , m z ± , m r ,± , m r ,± > m~±, ft et 

T 2 e L e R I^L I^R T l 

ft etant les etats propres de masse de stau. En particulier, dans un scenario a grand tan ft, 
la difference de masse entre le sneutrino v T et l'etat propre de masse ff peut etre superieure 
a la masse du W ± , de telle sorte que la production simple de stau djdk — > v T — > W ± fi 
regoive la contribution de la production resonante de sneutrino. 

Discutons maintenant les sections emcaces des productions simples de particule SUSY 
aux collisionneurs hadroniques du type 2^2 — corps et impliquant des interactions 
A'. Les sections emcaces des productions simples "non resonantes" listees ci-dessus ne 
peuvent atteindre de grandes valeurs : La section efheace de la production simple de 
gluino est limitee par les bornes experimentales sur les masses de squarks et de gluinos 
qui sont de l'ordre de m^m~ g ~ 200GeV [46]. En effet, la production simple de gluino a 
lieu par l'echange de squark dans les voies t et u, comme nous l'avons vu plus haut, et 
done sa section efficace decroit si les masses de squarks et de gluinos augmentent. Pour 
la valeur rriq = m g = 250GeU qui est proche de la limite experiment ale, nous trouvons 
la section efficace de production simple de gluino suivante, a(pp — > gfi) ~ 10~ 2 pb. Les 
sections emcaces donnees dans ce paragraphe ont ete calculees grace a la version 33.18 du 
programme COMPHEP [117] pour une energie dans le centre de masse de y/s = 2TeV 
(Run II du Tevatron) avec la fonction de structure CTEQ4m [118] et pour une valeur de 
la constante de couplage ft p de A' 211 = 0.09. De meme, le taux de production simple de 
squark ne peut etre grand. Pour trig = 250GeV, la section efficace a(pp — > ul/j) est de 
l'ordre de ~ 10~ 3 pb. De plus, la production d'un slepton accompagne d'un boson de jauge 
massif a un petit espace de phase et n'implique pas d'interactions fortes. Le taux de ce type 
de production est done faible. Pour mf = lOOGeV, nous obtenons cr(pp — > Zjx L ) 10~ 2 p6. 
Par ailleurs, nous avons calcule toutes les amplitudes des productions simples "resonantes" 
presentees dans la Figure 4.1. Dans [158] (voir Publication III : "Single superpartner 
production at Tevatron Run II"), nous donnons les resultats analytiques du calcul de 
ces amplitudes et nous presentons une analyse numerique de revolution des valeurs des 
sections emcaces correspondantes dans l'espace des parametres supersymetriques. D'apres 
cette etude, les sections emcaces des productions simples resonantes atteignent des valeurs 
de l'ordre de la dizaine de picobarns. 

Bien que les productions simples non resonantes soient interessantes du fait que cer- 
taines d'entre elles dependent de peu de parametres SUSY, a savoir une constante de 
couplage ft p et une masse de particule scalaire supersymetrique, l'etude des productions 
simples resonantes est plus attrayante car les sections emcaces de ces dernieres sont plus 
importantes. 
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4.2.1 Signature trilepton 



La production d'un chargino et d'un lepton charge aux collisionneurs hadroniques 
(voir Figure 4.1(a)) donne lieu a un etat final contenant 3 leptons charges si la cascade de 
disintegration initiee par le chargino produit est ~^ xV- ±l> ) Xi lf u jdk, les indices 

k correspondant aux indices de la constante \' i j k . L'etat final a 3 leptons charges est 
particulierement interessant comme candidat de signal de la supersymetrie car le bruit de 
fond provenant du Modele Standard est faible. Dans [157] (voir Publication II : "Resonant 
sneutrino production at Tevatron Run II"), [158], [159] et [160] (voir Publication IV : 
"The three-leptons signature from resonant sneutrino production at the LHC"), nous avons 
etudie le signal a 3 leptons charges engendre par la production simple de chargino (voir 
Figure 4.1(a)) et le bruit de fond associe. Le processus de production simple de chargino a 
ete implements dans une version du generateur d'evenements SUSYGEN [119] incluant la 
simulation des collisions hadroniques. Ceci a permis de generer le signal avec SUSYGEN 
et les bruits de fond provenant du Modele Standard et des reactions supersymetriques 
avec les generateurs d'evenements PYTHIA [120] (ainsi que ONETOP [121] pour certains 
processus) et SHERWIG [122], respectivement. SUSYGEN, PYTHIA et SHERWIG ont 
ete interfaces avec le simulateur de detecteur SHW [123] pour l'etude dans le cadre de 
la physique au Run II du Tevatron et avec le simulateur de detecteur ATLFAST [124] 
pour l'etude dans le cadre de la physique au LHC. Lors de la generation du signal et du 
bruit de fond, des coupures basees sur des distributions de variables cinematiques (angles 
demission des particules, quadri-impulsions,...) ont ete appliquees afin d'augmenter le 
signal par rapport au bruit de fond. 

Potentiel de decouverte 

Nous presentons dans la Figure 4.2 la sensibilite dans le plan A' 211 versus le parametre 
m qui pourrait etre obtenue a partir de l'analyse de l'etat final a 3 leptons charges 
(trilepton) au Run II du Tevatron, dans le cadre d'un modele de supergravite (SUGRA) 
et pour des valeurs fixees des autres parametres supersymetriques du modele. Cette figure 
a ete obtenue apres avoir applique les coupures mentionnees plus haut et en supposant 
que la production simple de chargino avait lieu par l'intermediaire d'un couplage du type 
A' 211 , ce qui correspond au cas ou le lepton produit avec le chargino est un muon (voir 
Figure 4.1(a)). Les regions de la Figure 4.2 se situant au-dessus des courbes seraient 
exclues par l'analyse experimental de la signature trilepton. En particulier, le contour 
de decouverte a 5a defini la region de l'espace des parametres pour lesquels S/ VB > 5 
ou S = as x C x Ss et B = a B x C x £ B , a s (a B ) etant la section efficace du signal 
(bruit de fond), £ la luminosite et £s (£b) l'efficacite du signal (bruit de fond) apres les 
coupures. L 'evolution de la sensibilite avec les parametres du modele SUGRA observee 
dans la Figure 4.2 s'explique par les variations de la section efficace du signal (voir [158]). 

D'apres la Figure 4.2, la sensibilite obtenue sur A' 211 dans certaines regions de l'es- 
pace des parametres SUGRA par l'etude de la signature trilepton au Run II du Tevatron 
permettrait d'ameliorer la limite actuelle sur cette constante de couplage ftp qui vaut : 
A' 211 < 0.09(mj fl /100G'eU) a la {it decay) [86]. L'etude de la signature trilepton per- 
met aussi d'amehorer les limites indirectes de nombreuses autres constantes de couplage 
$p si Ton suppose que la production simple de chargino a lieu de fagon dominante par 
l'intermediaire d'une autre constante de couplage ft p . Dans la Table 4.1, nous donnons 
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Fig. 4.2: Contours de decouverte a 5a (ligne), 3a (tires) et limites a 95% C.L. (pointilles) 
associes a l'etude du canal trilepton au Run II du Tevatron (y/s = 2TeV) et presentes 
dans le plan A' 211 versus le parametre mo pour sign(fi) < 0, tan/3 = 1.5 et differentes 
valeurs du parametre M 2 et de la luminosite. 



les previsions des sensibilites sur toutes les constantes de couplage fl p de type \'^ k ob- 
tenues au Run II du Tevatron par l'etude de la signature trilepton pour un point de 
l'espace des parametres SUGRA. Les sensibilites sur les constantes de couplage A 2jfe et 
X' 3 j k presentees dans la Table 4.1 representent toutes une amelioration par rapport aux 
limites de basse energie sur ces memes constantes de couplage, que nous rappelons ici 
[86] : X' 21k < 0.09(m ik J100GeV) a la (disintegration du tt), \' 22k < 0.18(mj fcH /100GeV) 
a la (desintegration du D), A' 231 < 0.22(m^ /lOOGeV) a 2a (diffusion profondement 
inelastique du ly), A' 232 < 0.36(m^/100Gey) i la (R^), A 233 < 0.36(m 5 /100GeV r ) a la 
(Rp), \' 31k < 0.10(m dk J100GeV) a la (t~ -»• 7r _ i/ T ), A' 32fc < 0.20 (pour m r = m~ q = 
lOOGeV) a la (mixing 1 D° - D°), \' 33k < 0.48(m g -/100Ge\/) a la (R T ). Les bornes in- 
directes sur les constantes de type A' ljfe sont typiquement plus fortes que les bornes sur 
les constantes A' 2 fc et A' 3 fc [86]. De ce fait, l'etude de la signature trilepton permet de 
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Tab. 4.1: Sensibilites a 95%CL sur toutes les constantes de couplage de type A' ijA . dans 
le cadre de la physique au Run II du Tevatron pour une luminosite de £ = 2/6 -1 et 
pour les parametres SUGRA suivants, m = 180GeV , M 2 = 200GeV , tan/? = 1.5 et 
fi = -200GeV (rriu L = 601GeV , m~ dh = 603GeV , m iH = 582Ge\/ ; m~ dR = 5S0GeV , 
m h = 253GeV, m~ lR = 205GeV m H = 2A8GeV, m-± = 199GeV, m^o = 105GeV). 

tester un moins grand nombre de constantes A' ljA . que de constantes \' 2 j k ou \' 3; j k . Par 
exemple, pour le point SUGRA considere dans la Table 4.1, seules les sensibilites sur les 
constantes de couplage A' 112 , A' 113 , A' 121 , A' 131 et A' 132 representent une amelioration vis a 
vis de leur borne indirecte : X' llk < 0.02(m dkR /100GeV) a 2a (universalite du courant 
charge), A'^ < 0.035(m < j ji /100G'el / ) a 2a (violation de la parite atomique), A' 132 < 0.34 
a la pour rrig = lOOGeV (R e )- 

Nous presentons dans la Figure 4.3 (4.4) la sensibilite dans le plan m versus m^j qui 
pourrait etre obtenue a partir de l'analyse de l'etat final trilepton au Run II du Tevatron 
(LHC) dans le cadre d'un modele SUGRA et pour des valeurs fixees des autres parametres 
supersymetriques du modele. 

En comparant les Figures 4.3 et 4.4, nous observons que le LHC permettra d'obte- 
nir une meilleure sensibilite que le Tevatron sur la constante de couplage A' 211 . Cette 
amelioration est due aux grandes energies et luminosites qui devraient etre atteintes par 
le LHC. 

Nous avons montre dans [158] ([160]) que l'etude du canal trilepton de la production de 
paires de particules supersymetriques dans le cadre de la physique au Run II du Tevatron 
(au LHC) permettait de tester dans le modele SUGRA considere dans la Figure 4.3 (4.4) 
des valeurs du parametre m^j allant jusqu'a ~ 200GeU, et ceci quelque soit la valeur 
de la constante de couplage consideree (pourvu que cette constante soit suffisamment 
grande pour que la LSP se desintegre dans le detecteur). Par consequent, dans la region 
mi/2 ~ 200GeU des Figures 4.3 et 4.4, la sensibilite obtenue sur les constantes de couplage 
Rp par la production simple de chargino n'est pas affectee par la production de paires de 
superpartenaires. En revanche, dans la region mi/ 2 ~ 200GeU, la production de paires 
de superpartenaires represente un bruit de fond pour la production simple de chargino 
car elle n'implique pas les interactions R, p qui sont l'objet de cette etude. Le bruit de 
fond engendre par la production de paires peut etre reduit par des coupures cinematiques 
basees sur la reconstruction de masse des particules supersymetriques (voir Section 4.2.1). 

Plagons nous maintenant du point de vue du test des parametres de brisure douce 
de la supersymetrie (masses des superpartenaires), et non plus du point de vue du test 
des constantes de couplage R, p . Les limites actuelles sur les masses des particules super- 
symetriques deduites des donnees experimentales du collisionneur LEP II, dans le contexte 
d'un modele R, p contenant des couplages de type A' non nuls, sont : m^o > 26GeV (pour 
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Fig. 4.3: Contours de decouverte a 5a (ligne), 3a (tires) et limites a 95% C.L. (pointilles) 
associes a l'etude du canal trilepton au Run II du Tevatron (y/s = 2TeV) et presentes 
dans le plan m versus myi pour sign(ii) < 0, tan/3 = 1.5 et differentes valeurs de A' 211 
et de la luminosite. 

m = 200GeV et tan/3 = \/2 [125]), m-± > lOOGeV, m l > 93GeV, m > 86GeV [126]. Or 
les valeurs minimums des parametres m et my 2 de l'espace des parametres des Figures 
4.2 et 4.3 correspondent aux valeurs m = lOOGeV et M 2 = lOOGeV pour lesquelles 
le spectre de masse supersymetrique est le suivant : m^± = 113GeV, m^o = 54GeV, 
rriy L = 127GeV, mj L = 137GeV, m\ R = HAGeV. Puisque ces masses ne sont pas exclues 
par les donnees de LEP II [125, 126] et que les masses des particules supersymetriques 
augmentent avec m et m^, l'espace des parametres des Figures 4.2 et 4.3 n'est pas exclu 
par les donnees de LEP II [125, 126]. Par consequent, le potentiel de decouverte pour le 
Run II du Tevatron (Figure 4.3) represente une amelioration importante par rapport aux 
limites actuelles sur les parametres m et my 2 du modele SUGRA considere. 

De plus, la Figure 4.3 montre que la sensibilite obtenue au Run II du Tevatron, dans 
le plan des parametres mo et my 2 du modele SUGRA considere, par l'etude du canal 
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Fig. 4.4: Limites a 95% C.L. associees a l'etude du canal trilepton au LHC (y/s = 14TeV, 
C = et presentees dans le plan mi/2 versus mo pour sign(fj,) < 0, tan/3 = 2 et 

differentes valeurs de A' 211 . La region hachuree en haut a gauche de la figure correspond 
au cas ou m~± > ma. La region hachuree en bas de la figure donne la limite cinematique 

de la production de paires de xt et de / a LEP II pour une energie de y/s = 200GeV. 
Dans la region se situant en-dessous des pointilles, le xt ne peut pas se desintegrer en un 
boson W ± reel. 

trilepton de la production simple de chargino permettrait d'etendre la sensibilite obtenue 
par l'etude du canal trilepton de la production de paires de superpartenaires. En effet, 
comme nous l'avons deja mentionne, l'etude du canal trilepton de la production de paires 
de superpartenaires au Run II du Tevatron permettrait de tester dans le modele SUGRA 
considere dans la Figure 4.3 des valeurs du parametre rayi allant jusqu'a ~ 200GeV [158]. 
De plus, la sensibilite obtenue via la production de paires est independante du couplage 
|? p considere [158]. En revanche, d'apres la Figure 4.3, la sensibilite dans le plan mo versus 
mi/2 obtenue via la production simple de chargino est d'autant plus forte que la constante 
de couplage $ p , et done la section efficace de cette production, est grande. Or, de plus 
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grandes valeurs de la constante de couplage ft p auraient pu etre considerees dans la Figure 
4.3, car la limite indirecte sur cette constante est A' 211 < 0.09(mj fl /100G'el / ) [86] et, dans 

le modele SUGRA considere dans la Figure 4.3, la masse du du vaut m d - = 30AGeV pour 
m = lOO.OGeU et m 1 / 2 = 121.6GeV. Par consequent, des sensibilites encore plus fortes 
que celles presentees dans la Figure 4.3 peuvent etre obtenues dans le plan m versus mi/ 2 
via la production simple de chargino. 

En ce qui concerne la physique au LHC, nous voyons sur la Figure 4.4 que les sen- 
sibilites predites, dans le plan des parametres mi/2 et m du modele SUGRA considere, 
s'etendent aussi bien au-dela du domaine exclu par les limites actuelles de LEP II. De 
plus, la Figure 4.4 montre que la sensibilite obtenue au LHC, dans le plan des parametres 
mi/2 et m du modele SUGRA considere, par l'etude du canal trilepton de la produc- 
tion simple de chargino permettrait d'etendre la sensibilite obtenue par l'etude du canal 
trilepton de la production de paires de superpartenaires. En effet, comme nous l'avons 
deja mentionne, l'etude du canal trilepton de la production de paires de superpartenaires 
au LHC permettrait de tester dans le modele SUGRA considere dans la Figure 4.4 des 
valeurs du parametre mi/ 2 allant jusqu'a ~ 200GeU [160]. Enfin, de meme que dans le 
contexte de la physique au Tevatron, pour de plus grandes valeurs de la constante de 
couplage |? p que celles considerees dans la Figure 4.4, des sensibilites encore plus fortes 
que celles presentees dans la Figure 4.4 peuvent etre obtenues dans le plan mi/2 versus 
m via la production simple de chargino. 

Les constantes de couplage de type A^ fe peuvent aussi etre testees par l'etude de la 
contribution des interactions a la production d'un etat final dijet dans un collisionneur 
hadronique : pp(ou pp) — > qq' [94]. Cette contribution implique l'echange d'un slepton dans 
les voies s, t et u. II a ete montre dans [94] que les valeurs des sensibilites obtenues sur les 
constantes de couplage A^- fc par l'etude de cette contribution dans le cadre de la physique 
au Run II du Tevatron sont superieures a ~ 10 _1 pour une luminosite de C = 2fb~ 1 . 
Ces sensibilites sont done inferieures a la plupart des sensibilites obtenues sur les memes 
constantes de couplage A^ fc par l'etude de la production simple de chargino au Run II du 
Tevatron (voir Table 4.1 et Figure 4.2). En revanche, si le seul superpartenaire pouvant 
etre produit a la resonance via un couplage \'^ k dans les collisions hadroniques est la LSP, 
celui-ci ne peut se desintegrer une fois produit a la resonance que via le meme couplage 
A^ fc en deux jets. Dans ce cas, la contribution des interactions |? p a la production de l'etat 
final dijet aux collisionneurs hadroniques peut avoir lieu via la production resonante d'un 
superpartenaire, a l'inverse des productions simples de la Figure 4.1, et elle est done plus 
sensible aux constantes de couplage \'^ k que les productions simples de la Figure 4.1. 
D'autre part, les constantes de couplage de type A^- fc pourraient etre testees par l'etude 
de la contribution des interactions ft p au processus de Drell-Yan pp(ou pp) — > lu, 11 [94]. 
Cependant, Cette contribution, qui implique l'echange d'un squark dans les voies t et u, 
est en fait peu significative pour des valeurs des constantes de couplage A^ fc respectant 
leur limite actuelle [94]. 

Finalement, les constantes de couplage de type A^- fe peuvent etre testees par l'etude de 
la contribution des interactions ft p au processus / + /~ — > qq [110, 109]. Cette contribution 
implique l'echange d'un squark dans la voie t. Les sensibilites obtenues par l'etude de 
cette contribution sur les constantes de couplage A' ijfc dans le cadre de la physique aux 
collisionneurs leptoniques sont de l'ordre de 10 _1 pour des masses de squarks inferieures au 
TeV [110, 109]. Ces sensibilites sont done inferieures a la plupart des sensibilites obtenues 
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sur les mimes constantes de couplage A^- fc par l'etude de la production simple de chargino 
au Run II du Tevatron (voir Table 4.1 et Figure 4.2). 

Remarquons par ailleurs que la production simple de chargino et de neutralino peut 
avoir lieu au collisionneur HERA par l'intermediaire des constantes de couplage de type 
Kjk '■ e P ~^ 1^'° [128]. L'etude de cette reaction permet d'obtenir une sensibilite sur les 
constantes de couplage A'^ de l'ordre de 1CT 2 pour une masse de squark de Trig « 200GeV, 
une energie dans le centre de masse de y/s ~ 300GeV et une luminosite de £ = 500p6 _1 
[128]. Ces sensibilites sont comparables, voir inferieures, a celles obtenues sur les memes 
constantes de couplage A'^ par l'etude de la production simple de chargino au Run II du 
Tevatron (voir Table 4.1 et Figure 4.2). 

Reconstruction de masse 

La contribution dominante a la production simple de chargino est la production 
resonante de sneutrino (voir Figure 4.1(a)). Or la cascade de disintegration initiee par la 
disintegration du sneutrino et produisant la signature trilepton, — ► xflf, xt ~ * xV- ±l> ) 
Xi — > ifujdk, peut etre integralement reconstruite. Par consequent, l'etude du canal tri- 
lepton genere par la production simple de chargino permet de reconstruire les masses des 
Xi, Xi e ^ et ce de maniere independante du cadre theorique. Nous avons etudie ces 
reconstructions de masse dans le cadre de la physique au Run II du Tevatron [157, 158] 
et au LHC [159, 160]. 

Tout d'abord, la masse du Xi peut etre reconstruite en calculant la masse invariante des 
deux jets et du lepton charge produits dans la disintegration xi lfujd k . Les deux jets 
sont identifies comme etant les deux jets les plus energetiques de l'etat final. La raison est 
que ces deux jets sont les seuls jets produits dans le processus supersymetrique considere 
et que les jets provenant des radiations QCD des etats initial et final ont typiquement 
des energies inferieures a celles des jets issus de reactions supersymetriques. Quant a 
1' identification du lepton charge, elle est basee sur la saveur ainsi que la charge electrique 
de celui-ci. En fait, la masse du Xi est determinee a partir du pic apparaissant dans la 
distribution de la masse invariante des deux jets et du lepton charge. Ce pic n'est pas un 
pic de Dirac a cause du bruit de fond combinatoire qui est du dans ce cas au fait que 
les deux jets de l'etat final peuvent etre confondus avec les jets irradies par l'etat initial. 
La masse du Xi peut etre reconstruite au LHC avec une erreur statistique de ~ lOOMeV 
[160]. 

La masse du xt, Q u i se desintegre via xt ~~ > Xil ±u i peut alors etre determinee a partir 
de la reconstruction du Xi- Cette determination est cependant plus precise lorsque la 
disintegration xt Xi^ ±iy a lieu via un boson W ± riel (voir Figure 4.4) selon la cascade 
xf — ► X\W ± , W ± — > V^v. En effet, dans ce cas la quadri-impulsion du neutrino peut etre 
calculie exactement en exprimant la condition d'igaliti entre la masse du boson W ± et la 
masse invariante des deux leptons provenant de la disintigration W ± — > l^v. Le lepton 
chargi produit dans la disintigration W ± — > / ± z/ est une fois de plus identifii grace a 
sa saveur et son signe. Nous avons trouvi une valeur de ~ 6GeV pour la largeur du pic 
associi a la masse reconstruite du xt > dans le cadre de la physique au LHC [160]. 

Enfin, la masse du z>, qui se disintegre via vi — > xtlfi peut etre diterminie a partir 
de la reconstruction du xt- Le lepton chargi issu de la disintigration du sneutrino est 
identifii grace a sa saveur et son signe. Nous avons trouvi une valeur de ~ lOGeV pour 
la largeur du pic associi a la masse reconstruite du z>, dans le cadre de la physique au 
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LHC [160]. 

En conclusion, aux collisionneurs hadroniques, si le Xi etait la LSP (comme c'est 
le cas dans la plupart des modeles supersymetriques), sa masse devrait etre facilement 
reconstruite [116, 127] car il serait alors produit en grand nombre dans les productions 
de paires de gluinos et de squarks qui ont d'importantes sections efficaces [160]. Par 
consequent, pour de faibles valeurs des couplages ^? p , et done de la section efficace de 
la production simple de chargino, la reconstruction du Xi 1 & plus precise est a priori 
obtenue par l'etude des productions de paires de gluinos et de squarks. Pour des valeurs 
des couplages fi p proches de leur limite actuelle, les precisions sur la reconstruction de la 
masse du Xi obtenues par l'etude des productions de paires de gluinos/squarks [116] et 
par l'etude de la production simple de chargino [159, 160] sont comparables. En revanche, 
la production simple de chargino permet d'obtenir facilement une grande precision sur la 
reconstruction des masses des xt et v [159, 160] ce qui n'est pas le cas de la production 
de paires de particules supersymetriques [116, 127]. Ceci est du au fait que la production 
simple de particule SUSY ne genere qu'une seule cascade de disintegration de particules 
SUSY alors que la production de paire en genere deux ce qui complique l'identification de 
l'origine des particules de l'etat final et augmente ainsi le bruit de fond combinatoire. Par 
ailleurs, meme si le pic associe a la reconstruction de la masse du Xi 1 & production 
simple de chargino etait rendu invisible par la production de paires de superpartenaires, 
la reconstruction des masses des xt et v via la production simple de chargino resterait 
possible connaissant la valeur de la masse du Xi determined via la production de paires 
de superpartenaires [116, 127]. 

4.2.2 Signature dilepton 

L'etat final contenant deux leptons charges de meme signe et de meme saveur a un 
faible bruit de fond provenant du Modele Standard. Cette signature dilepton peut etre 
generee par les reactions suivantes (voir Figure 4.1) : pp — > Xi^t > PP ~^ xV-t ) x\ ~^ + ^ 
(X ^ l±) ; pp -> xflf, xt -»• XiQQ' et pp -> xt"i, xt -»• X?^, i correspondant a 
l'indice de saveur de la constante de couplage \'^ k . En effet, le Xi etant une particule 
de Majorana, il se desintegre via A' ijfc en un lepton selon Xi ~^ k u jd>k et en un anti- 
lepton selon Xi ~^ hujdk avec la meme probability. Les reactions pp — > X*s4^f > PP ~^ 
xflf et pp — > xf^i ne representent pas des contributions significatives a la signature 
dilepton du fait de leur relativement faibles sections efficaces [158]. Dans [158] nous avons 
etudie dans le cadre de la physique au Run II du Tevatron le signal dilepton engendre 
par les productions simples de superpartenaires ainsi que le bruit de fond associe. Les 
quatre processus de production simple de la Figure 4.1 ont ete implemented dans une 
version du generateur d'evenements SUSYGEN [119] incluant la simulation des collisions 
hadroniques. Ceci a permis de generer le signal avec SUSYGEN et les bruits de fond 
provenant du Modele Standard et des reactions supersymetriques avec les generateurs 
d'evenements PYTHIA [120] et SHERWIG [122], respectivement. SUSYGEN, PYTHIA 
et SHERWIG ont ete interfaces avec le simulateur SHW [123] des detecteurs DO et CDF 
du Tevatron (Run II). Lors de la generation du signal et du bruit de fond, des coupures 
basees sur des distributions de variables cinematiques (angles demission des particules, 
quadri-impulsions,...) ont ete appliquees afin d'augmenter le signal par rapport au bruit 
de fond. 
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Fig. 4.5: Contours de decouverte a 5a (ligne), 3a (tires) et limites a 95% C.L. (pointilles) 
associes a l'etude du canal dilepton au Run II du Tevatron (y/s = 2TeV) et presentes 
dans le plan m versus mi/2 pour sign(fi) < 0, tan/5 = 1.5, A' 211 = 0.05 et differentes 
valeurs de la luminosite. 



Potentiel de decouverte 

Nous presentons dans la Figure 4.5 la sensibilite dans le plan des parametres m et 
mi/2 qui pourrait etre obtenue a partir de l'analyse de l'etat final dilepton au Run II 
du Tevatron, dans le cadre d'un modele SUGRA et pour des valeurs fixees des autres 
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parametres supersymetriques du modele. Cette figure a ete obtenue apres avoir applique 
les coupures mentionnees plus haut et en supposant que la production simple avait lieu 
par l'intermediaire d'un couplage du type A' 211 , ce qui correspond au cas oil le lepton 
produit avec le neutralino ou le chargino est un jj^ ou un (voir Figure 4.1). 

D'apres la Figure 4.5, la sensibilite obtenue sur A' 211 dans certaines regions de l'es- 
pace des parametres SUGRA par l'etude de la signature dilepton au Run II du Tevatron 
permettrait d'ameliorer la limite actuelle sur cette constante de couplage qui vaut : 
A' 211 < 0.09(m^ R /100GeV) [86]. L'etude de la signature dilepton devrait aussi permettre 
d'ameliorer les limites indirectes de nombreuses autres constantes de couplage ftp. 

Nous avons montre dans [158] que l'etude du canal dilepton de la production de paires 
de particules supersymetriques dans le cadre de la physique au Run II du Tevatron per- 
mettait de tester dans le modele SUGRA considere dans la Figure 4.5 des valeurs du 
parametre mi/2 allant jusqu'a ~ 200GeV, et ceci quelque soit la valeur de la constante 
de couplage fl p considered. Par consequent, dans la region mi/ 2 ~ 200GeV de la Figure 
4.5, la sensibilite obtenue sur les constantes de couplage $ p par la production simple 
n'est pas affectee par la production de paires de superpartenaires. En revanche, dans la 
region m\/2 ~ 200G'eU, la production de paires de superpartenaires represente un bruit 
de fond pour la production simple car elle n'implique pas les interactions ft p qui sont 
l'objet de cette etude. Le bruit de fond engendre par la production de paires peut etre 
reduit par des coupures cinematiques basees sur la reconstruction de masse des particules 
supersymetriques (voir Section 4.2.2). 

Plagons nous maintenant du point de vue de la recherche de la supersymetrie aupres 
des collisionneurs. De meme que pour les Figures 4.2 et 4.3, l'espace des parametres de la 
Figure 4.5 n'est pas exclu par les donnees de LEP II [125, 126]. Par consequent, le potentiel 
de decouverte pour le Run II du Tevatron (Figure 4.5) represente une amelioration im- 
portante par rapport aux limites actuelles sur les parametres supersymetriques du modele 
SUGRA considere. 

De plus, la Figure 4.5 montre que la sensibilite obtenue au Run II du Tevatron, dans le 
plan des parametres mo et mi/ 2 du modele SUGRA considere, par l'etude du canal dilepton 
de la production simple permettrait d'etendre la sensibilite obtenue par l'etude du canal 
dilepton de la production de paires de superpartenaires. En effet, comme nous l'avons 
deja mentionne, l'etude du canal dilepton de la production de paires de superpartenaires 
au Run II du Tevatron permettrait de tester dans le modele SUGRA considere dans la 
Figure 4.5 des valeurs du parametre mi/ 2 allant jusqu'a ~ 200GeU [158]. 
De plus, la sensibilite obtenue via la production de paires est independante du couplage 

considere [158]. En revanche, la sensibilite dans le plan m versus mi/ 2 obtenue via 
la production simple est d'autant plus forte que la constante de couplage ft p , et done 
la section efficace de production simple, est grande. Or, de plus grandes valeurs de la 
constante de couplage auraient pu etre considerees dans la Figure 4.5, car la limite 
indirecte sur cette constante est A 211 < 0.09(mj fl /100GeU) [86] et, dans le modele SUGRA 
considere dans la Figure 4.5, la masse du cIr vaut m^ R = 304GeU pour m = lOO.OGeU et 
mi/ 2 = 121.QGeV. Par consequent, des sensibilites encore plus fortes que celles presentees 
dans la Figure 4.5 peuvent etre obtenues dans le plan m versus mi/ 2 via la production 
simple. 

Remarquons fmalement que l'etude du canal dilepton (voir Figure 4.5) permet d'ob- 
tenir une plus grande sensibilite sur la constante de couplage A 211 que l'etude du canal 
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trilepton (voir Figure 4.3) [158]. 

Reconstruction de masse 

La contribution dominante du signal ft p au canal dilepton est la reaction pp — ^ if — > 
Xilti X.1 ~ > ifujdk car celle-ci a la plus grande section efficace [158]. Or les masses des 
Xi et if peuvent etre reconstruites grace a cette reaction, et ce de maniere independante 
du cadre theorique. Nous avons etudie ces reconstructions de masse dans le cadre de la 
physique au Run II du Tevatron [157, 158]. 

Tout d'abord, la masse du xi peut etre reconstruite en calculant la masse invariante 
des deux jets et du lepton charge produits dans la disintegration xi ~ * ifujdk- Les deux 
jets sont simples a identifier puisque ce sont les seuls jets 'durs' de l'etat final considere. 
Quant a l'identification du lepton charge, elle ne peut etre basee ni sur la saveur ni sur le 
signe de celui-ci car l'etat final considere contient deux leptons charges de mime signe et 
de meme saveur. Le lepton produit dans la disintegration du neutralino peut en revanche 
etre identifie par son energie [158]. Le lepton produit dans la disintegration du neutralino 
peut aussi etre identifie comme etant le lepton le plus proche dans l'espace (i],<f)) des deux 
jets de l'etat final [129]. La masse du xi peut etre reconstruite au Tevatron (Run II) avec 
une precision de ±HGeV [158]. 

La masse du ^ , qui se desintegre via if — > xV-f ■> peut alors etre determined a partir 
de la reconstruction du xi- Le lepton charge issu de la disintegration du slepton peut etre 
identifii par son inergie [158]. Nous avons trouvi une precision de ±20GeV pour la masse 
reconstruite du 1"^, dans le cadre de la physique au Run II du Tevatron PubliB. 

En conclusion, aux collisionneurs hadroniques, si le xi etait la LSP (comme c'est 
le cas dans la plupart des modeles supersymitriques) , sa masse devrait etre facilement 
reconstruite car il serait alors produit en grand nombre dans les productions de paires 
de gluinos et de squarks qui ont d'importantes sections efficaces [158]. En revanche, la 
production simple permet d'obtenir facilement une grande pricision sur la reconstruction 
de masse du [158] a l'inverse de la production de paires de particules supersymitriques. 
Ceci est du au fait que la production simple de particule SUSY ne ginere qu'une seule 
cascade de disintigration de superpartenaires alors que la production de paire en ginere 
deux ce qui complique l'identification de l'origine des particules de l'etat final et augmente 
ainsi le bruit de fond combinatoire. Par ailleurs, mime si le pic associi a la reconstruction 
de la masse du xi y i a 1 & production simple itait rendu invisible par la production de paires 
de superpartenaires, la reconstruction de masse du P via la production simple resterait 
possible connaissant la valeur de la masse du xi diterminie via la production de paires 
de superpartenaires. 

4.3 Collisionneurs leptoniques 

Nous prisentons dans cette section des itudes de production simple de particule SUSY 
aux collisionneurs leptoniques. Pricisons que dans ces itudes, comme pricidemment, nous 
avons toujours supposi qu'une seule constante de couplage itait dominante par rapport 
aux autres. 

La production simple de particule SUSY aux collisionneurs leptoniques implique uni- 
quement des interactions A. Toutes les productions simples de particule SUSY aux colli- 
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FlG. 4.6: Diagrammes de Feynman des 5 processus de production simple de particule SUSY via X m jj aux 
collisionneurs leptoniques qui sont du type 2^2 — corps. Les couplages X m jj impliques sont symbolises 
par des cercles et les fleches representent les moments des particules. 



sionneurs leptoniques du type 2—^2 — corps sont presentees dans la Figure 4.6. Toutes 
les amplitudes des productions simples de la Figure 4.6 ont ete calculees analytiquement 
et les resultats sont donnes dans [161] (voir Publication V : "Systematics of single super- 
partners production at leptonic colliders"). Bases sur ces calculs d'amplitudes, nous avons 
etudie le comportement des sections efficaces des productions simples dans l'espace des 
parametres SUGRA [161] [163] (voir Publication VI : "Single chargino production at linear 
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FlG. 4.7: Sections efficaces (en f barns) de production simple de xt et de Xi (voir Figure 4-6) en 
fonction des parametres MijrriQ, ji/mo (avec too = lOOGeV) et tan/3 du modele de supergravite decrit 
dans [161], pour une energie dans le centre de masse de ^Js = 200GeV et une constante de couplage 
ftp egale a Am = 0.05 (limite actuelle pour mj B = lOOGeV [86]). 

colliders"). Dans les Figures 4.7 et 4.8, nous presentons des courbes complementaires de 
celles montrees dans [161, 163] : les sections efficaces de production simple de xt et de 
Xi (voir Figure 4.6) en fonction des parametres M 2 /m , /i/m et tan/3 du modele de su- 
pergravite decrit dans [161], pour des energies dans le centre de masse de = 200Gel / 
et ^/s = lOOOGeV. Par ailleurs, dans [161] nous avons calcule les largeurs des canaux 
de disintegration des particules supersymetriques produites et nous avons etudie leur 
evolution dans l'espace des parametres SUGRA. II ressort de cette etude que, mis a part 
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FlG. 4.8: Sections efficaces (en fbarns) de production simple de xt et de Xi (voir Figure 4-6) en 
fonction des parametres MijrriQ, ^/ m o (avec too = lOOGeV) et tan/3 du modele de supergravite decrit 
dans [161], pour une energie dans le centre de masse de y/s = lOOOGey et une constante de couplage 
]fip egale a Am = 0.05 (limite actuelle pour ms R = lOOGeV [86]). 

la production simple de neutralino (voir Figure 4.6(b)), dans la plupart des regions de 
l'espace des parametres SUGRA les productions simples representees dans la Figure 4.6 
engendrent des cascades de disintegration impliquant des interactions de jauge. Ces cas- 
cades de disintegration donnent lieu a de multiple signatures riches en leptons charges et 
en jets et ayant un faible bruit de fond provenant du Modele Standard. II s'agit d'etats 
finals tels que : 

Al + 61, Gl + $, 31 + 2j + #,... 
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4.3.1 Production simple de chargino 

Dans [162, 163], nous nous sommes concentres sur la production simple e + e~ — ► xt^m 
via Ximi qui a typiquement la plus importante section efficace parmi les productions 
simples representees dans la Figure 4.6 [161, 163]. La production simple de xf a aussi 
l'interet de pouvoir engendrer de claires signatures multi-jets et multi-leptoniques [161, 
162, 163]. En particulier, nous avons considere la reaction e + e~ — > xf ^ T qui implique la 
constante de couplage Am- 

La production simple e + e _ — > xf^ a une v °i e t et peut aussi recevoir la contribution 
de la production resonante d'un sneutrino (voir Figure 4.6(a)). A y/s = 200GeV la section 
efficace de production simple du chargino hors du pole du sneutrino est de l'ordre de 
lOOfbarns [161] pour une constante de couplage fi p egale a sa limite actuelle qui est 
A121 = 0.05 pour m e - fl = lOOGeV [86]. La section efficace hors du pole du sneutrino 
est done a la limite d'observabilite a LEP II pour une luminosite de C « 200pb~ 1 . Au 
pole du sneutrino, la production simple de chargino atteint de grandes valeurs de la 
section efficace. Par exemple pour Am = 0.05, la section efficace de production simple 
du chargino peut atteindre 2 10~ 1 pb a la resonance du sneutrino [130]. C'est la raison 
pour laquelle les analyses experimentales de la production simple de chargino au LEP 
[103, 104, 105, 131, 132] permettent de tester des valeurs des constantes de couplage 
ft p inferieures aux limites actuelles seulement a la resonance y/s = vriy L ^ et, grace aux 
radiations de l'etat initial (ISR), dans un intervalle de ~ 50GeV autour du pole du 
sneutrino. Au pole meme du sneutrino, les sensibilites sur la constante de couplage A m 
obtenues a LEP II atteignent des valeurs de l'ordre de 10~ 3 [103, 104, 105, 131, 132]. 

Les collisionneurs lineaires constitueront un cadre propice a l'etude de la production 
simple de chargino de par les grandes energies {^fs ~ ITeV) et luminosites (C ~ 500 fb~ l ) 
atteintes [83, 127]. En particulier, les luminosites attendues aux collisionneurs lineaires 
permettront d'etre sensible a la section efficace de production simple du chargino hors du 
pole du sneutrino qui est de l'ordre de lOfbarns [161] pour lOOOGeV > y^i > 500GeV et 
une constante de couplage ft p egale a Ai 2 i = 0.05. Cependant, aux collisionneurs lineaires, 
la production simple de chargino risque de souffrir d'un grand bruit de fond provenant 
de la production de paires de particules supersymetriques. En effet, aux grandes energies 
esperees dans ces collisionneurs, la production de paire de superpartenaires peut atteindre 
de grandes sections efficaces. 

Potentiel de decouverte 

Dans [163], nous avons montre que malgre le bruit de fond provenant de la production 
de paire de superpartenaires, l'etude de la production simple de chargino aux collision- 
neurs lineaires offrira la possibility d'obtenir une plus forte sensibilite sur la constante de 
couplage A121 que celle obtenue a LEP [103, 104, 105, 131, 132]. Pour cela, nous avons 
etudie l'etat final compose de quatre leptons charges et d'energie manquante qui possede 
un faible bruit de fond provenant du Modele Standard [111] et qui est genere par la pro- 
duction simple de chargino lorsque celui-ci se desintegre selon xf ~^ x\^ v i X? ~~ ¥ eez^, 
eez/ M , fieu e ou Jieu e via A^i- Nous avons montre que la contribution de la production de 
paire de superpartenaires au signal 4/ + Ifi pouvait etre reduite par rapport a la contribu- 
tion de la production simple de chargino. Cette reduction est basee sur deux points. Tout 
d'abord, la polarisation des faisceaux d'electrons et de positrons incidents aux collision- 
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FlG. 4.9: Potentiel de decouverte a 5a dans le plan Am versus mc> (in GeV/c 2 ) pour une luminosite 
de £ = 500/6 -1 et une energie dans le centre de masse de ^/s — 500GeV. Les points A, B, C, D et 
E correspondent aux points de I'espace des parametres du Modele Standard Super symetrique Minimal 
(MSSM) definis par, A : M 1 = 20006^, M 2 = 250GeV, fi = IbOGeV , tan/3 = 3, m r± = SOOGeV, 
rrig = 600GeV (m-± = Wh.lGeV , m^o = l01.9GeV, m^o = 154.5GeVj; B : M 1 = lOOGeV , M 2 = 
200GeV, fi = 600GeV, tan/3 = 3 7 m !± = SOOGeV, m- q = 600GeV (m-± = 189.lGeV, m^o = 97.3GeV, 
m^o = \89.5GeV); C : Mi = lOOGeV, M 2 = AOOGeV, fi = 400GeV, tan/3 = 3 7 m~ l± = 300Gey ; 
rrig = 600Ge^ (m-± = 329.9GeV, m^o = 95.5GeV, m^o = 332.3GeV); D : M x = IbOGeV , M 2 = 
300Gey, n = 200GeV, tan/3 = 3, m I± = 300Gey ; rrig = 600Gey (m-± = 165.1GeV, m^o = 121.6GeV ; 
m^o = \9Q.SGeV); E : M x = lOOGeV, M 2 = 200GeV, (j, = GOOGeV, tan/3 = 3, m r ± = lbOGeV , 
rrig = 600GeV (m-± = \S9.\GeV, m^o = 97.3GeV, m^o = 189.5GeVj. 



neurs lineaires peut etre utilisee pour reduire la source de bruit de fond que represente 
la production de paire de superpartenaires. De plus, la cinematique speciflque de type 
2^2 — corps de la production simple de chargino permet d'imposer des coupures sur 
les distributions des moments transverses des leptons charges de l'etat final favorisant la 
production simple de chargino par rapport a la production de paire de superpartenaires. 
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Nous presentons dans la Figure 4.9 la sensibilite obtenue dans le plan Am versus 
my grace a l'etude de la production simple de xt basee sur la signature 4/ + Ifi aux 
collisionneurs lineaires [163]. Ami d'obtenir les resultats presentes dans la Figure 4.9 la 
production simple de chargino ainsi que le bruit de fond provenant de la production de 
paire de superpartenaires ont ete simules avec la nouvelle version [133] du generateur 
d'evenements SUSYGEN [119] incluant les effets de polarisation des faisceaux incidents. 
Lors de la generation des evenements, les coupures et polarisations mentionnees ci-dessus 
ont ete appliquees. Les sensibilites dans le plan Am versus presentees dans la Figure 
4.9 ont ete obtenues pour des points caracteristiques de l'espace des parametres du Modele 
Standard Supersymetrique Minimal (MSSM). Ces points ont ete choisis tels que la masse 
du Xi s °it proche de la limite actuelle (m^o > 52GeV pour tan (3 = 20 dans le cadre d'un 
modele ayant une constante de couplage \jk non nulle [105]) afin de maximiser la section 
efficace de la production de paires de neutralinos qui represente la principale source de 
bruit de fond issue de la production de paires de superpartenaires. 

Les sensibilites sur la constante de couplage Am presentees dans la Figure 4.9 repre- 
sented une amelioration par rapport a la borne indirecte, Am < 0.05(me fl /100G'el / ) [86], 
dans un intervalle de ~ SOOGeV^ autour de la resonance du sneutrino, et atteignent des 
valeurs de l'ordre de 10~ 4 au pole du sneutrino. La sensibilite sur la constante de couplage 
Am qui pourra etre obtenue aupres des futurs collisionneurs lineaires ameliorera done 
nettement les resultats de LEP II [103, 104, 105, 131, 132] (voir ci-dessus). 

Par ailleurs, les sensibilites obtenues via la production simple de chargino aux collision- 
neurs lineaires et presentees dans la Figure 4.9 representent notamment une amelioration 
par rapport a la limite experimental actuelle sur la masse du sneutrino, vriy > 78GeV 
(dans le cadre d'un modele ayant une constante de couplage A^ non nulle) [105]. De plus, 
dans le domaine rriy > y/s/2, le sneutrino peut etre produit comme une resonance aux 
collisionneurs lineaires alors qu'il ne peut etre produit par paires. Cela signifie que dans 
ce domaine cinematique, la production simple de chargino aux collisionneurs lineaires, qui 
regoit sa principale contribution de la production resonante de sneutrino, permet de tester 
la masse du sneutrino, comme l'illustre la Figure 4.9 pour y/s = 500GeV, a l'inverse de 
la production de paires de particules supersymetriques. 

Enfin, notons que la constante de couplage Am peut aussi etre testee par l'etude de la 
contribution des interactions a la diffusion Bhabha e + e~ — > e + e~ [110]. Cette contri- 
bution implique l'echange dans les voies s et t d'un sneutrino. Les sensibilites obtenues 
sur la constante de couplage Am par l'etude de cette contribution dans le cadre de la 
physique au LEP sont de l'ordre de 10~ 2 a la resonance du sneutrino [110]. Or ces sensibi- 
lites sont inferieures a celles obtenues sur la meme constante de couplage Am par l'etude 
de la production simple de chargino au LEP [103, 104, 105, 131, 132] (voir ci-dessus). 



Reconstruction de masse 

L'energie du muon E{jj) produit dans la reaction de type 2 — > 2— corps, e + e~ — > xtt^i 
est une fonction de l'energie dans le centre de masse y/s et de la masse du muon m M et 
du chargino m~± : 

s + m 2 — m 2 ± 
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Par consequent, la masse du xt devrait pouvoir etre deduite, via Eq.(4.3), de l'energie du 
muon produit avec le chargino dans les collisionneurs lineaires. En fait, a cause de l'ISR, 
un photon est irradie par l'etat initial de telle sorte que la production simple de chargino 
doit etre etudiee comme la reaction de type 2^3 corps, e + e~ — > xt A t=F 7- La relation 
4.3 n'est done pas verifiee. Cependant, la masse du xt peut etre deduite de l'energie du 
muon dans le centre de masse du sneutrino E*(fi) et de la masse du sneutrino m v et du 
muon m M par la relation [163], 

ra~ + mf, — m.± 

En effet, la masse du sneutrino peut etre deduite de l'etude du signal 4/ + ]p aux col- 
lisionneurs lineaires en effectuant un scan sur l'energie dans le centre de masse afin de 
determiner la valeur de y/s correspondant au maximum de la section efficace de production 
simple du chargino associe a la resonance du sneutrino [163]. De plus, l'energie du muon 
dans le centre de masse du sneutrino E*(n) peut etre determinee grace a la distribution 
du moment transverse du muon produit avec le chargino [163]. La masse du sneutrino 
pouvant etre determinee avec une erreur de ±3.5GeV par un scan sur l'energie dans le 
centre de masse aux collisionneurs lineaires, l'erreur sur la masse du xt reconstruite par 
la methode decrite ci-dessus peut atteindre ±5.9GeV [163]. La masse du xf P eu ^ aussi 
etre reconstruite par la methode decrite ci-dessus [163]. 

En conclusion, aux collisionneurs lineaires, la production simple de chargino permet 
d'obtenir facilement une grande precision sur la reconstruction de masse du v et du xt 
[163] a l'inverse de la production de paires de particules supersymetriques [111]. Ceci est 
du au fait que la production simple de particule SUSY ne genere qu'une seule cascade 
de disintegration de superpartenaires alors que la production de paire en genere deux ce 
qui complique l'identification de l'origine des particules de l'etat final et augmente ainsi 
le bruit de fond combinatoire. De plus, dans le cadre d'un modele ayant une constante 
de couplage A non nulle, si le Xi es t 1 & LSP (comme e'est le cas dans la plupart des 
modeles supersymetriques) les deux cascades de disintegration issues de la production de 
paires de superpartenaires se terminent par la disintegration Xi ~ * Or les neutrinos 
ainsi produits generent de l'energie manquante dans l'etat final, ce qui rend delicat la 
reconstruction de masse du Xi e ^ done des autres particules supersymetriques. Notons 
par ailleurs que les reconstructions des masses du v et du xt basees sur la production 
simple de chargino restent possibles tant que la distribution du moment transverse du 
muon produit avec le chargino n'est pas noyee par le bruit de fond issu de la production 
de paires de particules supersymetriques (voir Figure 4.9) [163]. 

Extension a differentes constantes de couplage 

La production simple de chargino dans les collisions e + e~ peut uniquement avoir lieu 
par les interactions Am et A131, a cause de l'antisymetrie de la constante de couplage A^ 
(voir Chapitre 3.1). La production simple de chargino via A131 correspond a la production 
d'un lepton tau : e + e~ — > x ±r=F ( vorr Figure 4.6(a)). Du fait de la nature instable du 
lepton tau, la sensibilite sur la constante de couplage A131 obtenue via la production 
simple de chargino devrait etre moins forte que celle sur Am (voir Figure 4.9) car les 
coupures mentionnees dans la Section 4.3.1 sont moins eflicaces dans le cas de l'etude 
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(4.4) 



de la constante A 131 [163]. D'autre part, les disintegrations du lepton tau rendent les 
reconstructions de masse du v et du Xi difficiles [163]. 

La production simple de chargino pourrait aussi avoir lieu dans les futurs collisionneurs 
muoniques [134, 135] via la constante de couplage A2J2 (J = 1,3) : — > x^lj (voir 
Figure 4.6(a)). L'etude des constantes de couplage A212 et A232 basee sur la production 
simple de chargino aux collisionneurs muoniques est identique, a quelques details pres 
(voir [163]), a l'etude des constantes A121 et A131 via la production simple de chargino aux 
collisionneurs lineaires. Par consequent, les sensibilites sur les constantes de couplage A212 
et A232 obtenues aux collisionneurs muoniques devraient etre du meme ordre de grandeur 
que celles attendues sur les constantes Am et A131 aux collisionneurs lineaires. De meme, 
les resultats sur les reconstructions de masse basees sur la production simple de chargino 
devraient etre comparables aux collisionneurs lineaires et aux collisionneurs muoniques 
[163]. 

Par ailleurs, notons que les productions simples de sleptons r ye ± — > e ± i> et r ye ± — » e ± u 
aux collisionneurs lineaires permettront de tester les constantes de couplage Am, Am, 
A122, A123, A132, A133, A 23 i, A 23 2 et A233 [136, 137]. Cependant, la production resonante de 
sneutrino dans les collisions e + e~ est davantage sensible aux constantes de couplage Am 
et Am que ces productions simples de sleptons [136]. 
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Chapitre 5 



Contributions des interactions 
fip aux taux de changement de 
saveur et aux asymetries liees a la 
violation de la symetrie CP 

5.1 Motivations 

Comme nous l'avons discute dans le Chapitre 3 et la Section 4.1, d'un point de vue 
theorique aussi bien que phenomenologique, les modeles avec violation et conservation 
de la symetrie de R-parite doivent etre traites avec la meme attention vis-a-vis de la 
phenomenologie de la supersymetrie. 

Dans l'hypothese ou certains couplages fl p ne seraient pas nuls, ces couplages pour- 
raient avoir des phases complexes et constituer ainsi de nouvelles sources independantes 
de violation de la symetrie CP. Notons que meme si les couplages ftp existant avaient des 
phases complexes nulles, ils pourraient conduire en combinaison avec d'autres sources de 
violation de CP du MSSM a de nouveaux tests de violation de CP [138, 139, 140, 141]. 

Dans un second travail, nous avons developpe des etudes [165] (voir Publication VII : 
"Broken R-parity contributions to flavor changing rates and CP asymmetries in fermion 
pair production at leptonic colliders") [166] (voir Publication VIII : "Polarized single 
top production at leptonic colliders from broken R-parity interactions incorporating CP 
violation") [167] (voir Publication IX : "CP violation flavor asymmetries in slepton pair 
production at leptonic colliders from broken R-parity") [168] permettant de mettre en 
evidence la partie imaginaire des constantes de couplage ft p par des effets de violation de 
la symetrie CP dans le cadre de la physique des collisionneurs de haute energie. L'idee 
de contributions des interactions R\ p a des effets de violation de CP a deja motive de 
nombreuses etudes dans le cadre de la physique de basse energie [138, 139, 140, 142]. 

Les effets de violation de la symetrie CP offrent un cadre propice a l'etude des in- 
teractions fi p et plus generalement de toute autre physique au-dela du Modele Standard 
Supersymetrique Minimal (MSSM). La raison est que les contributions des interactions 
du Modele Standard aux effets de violation de CP sont faibles car elles impliquent des dia- 
grammes a l'ordre des boucles et sont reduites par la quasi degenerescence existant entre 
les masses des quarks et des leptons. (voir par exemple l'etude des asymetries de violation 
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de CP liees a la disintegration des bosons de jauge W ± et Z° [143, 144]). De plus, les 
contributions des interactions du MSSM aux effets de violation de CP (voir par exemple 
l'etude des asymetries de violation de CP liees a la production de paires de sleptons [145]) 
sont contraintes par des donnees experiment ales sur la physique de basse energie [148]. 
Dans la plupart des modeles de physique sous-jacente au MSSM, des effets importants de 
violation de CP sont predits [146, 147]). Cependant, dans les differentes etudes effectuees, 
nous avons suppose que les contributions aux effets de violation de CP des interactions 
ftp etaient dominantes. 

Nous avons etudie les reactions de production de paires de fermions [165, 166] et de 
sfermions [167] de saveurs differentes dans les collisionneurs leptoniques : 

i + r^fjfj> [J^J'l (5.i) 



i + r^fjfj> [J* A- (5-2) 

Ces reactions simples et tres etudiees ainsi que l'environnement 'propre' des collisionneurs 
leptoniques offrent un cadre propice aux tests de violation de CP. 

Dans [165, 166], nous avons calcule les asymetries de violation de CP, 



\M JJ '\ 
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\M JJ '\ 
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\M JJ '\ 


2 + 


MJJ>, 


2 



(5.3) 



associees aux contributions des interactions a la reaction de Eq.(5.1). Dans Eq.(5.3), 
m jj> (m jj ') designe l'amplitude de la reaction l+l~ -> fjfj> -> fj<fj) [J + J'}. 

M JJ ' et M JJ ' sont done les amplitudes de processus CP conjugues. Notons que cer- 
taines asymetries de violation de CP associees a des reactions impliquant des couplages 

peuvent etre fonction du spin des particules de l'etat final [149, 150]. 

Nous avons done ete amene a etudier dans [165, 166] les contributions des interactions 
Tfl v a la reaction changeant la saveur l + l~ — > fjfj' [J ^ J'] [165, 166]. Or l'etude de ces 
contributions a aussi permis de developper un test de l'intensite des couplages fi p . En 
effet, les contributions des interactions du Modele Standard aux effets de changement de 
saveur sont faibles. En particulier, les contributions des interactions du Modele Standard 
aux courants neutres changeant la saveur sont peu significatives puisqu'elles impliquent 
des diagrammes a l'ordre des boucles [143, 144]. Les contributions des interactions du 
Modele Standard a la disintegration du boson de jauge Z° en une paire de quarks de 
differentes generations sont particulierement faibles. La raison est que dans le lagrangien 
effectif du Modele Standard, le couplage Z°qjqji entre le boson de jauge Z° et une paire 
de quarks de differentes generations a une structure du type J2i VijViJ' f i 171 ! / m |o), ou les 
Vij sont les elements de la matrice Cabibbo-Kobayashi-Maskawa et f (mj / m 2 z0 ) est une 
fonction issue d'un calcul de boucle et dependant des masses du boson de jauge Z° et des 
quarks propages dans la boucle. Le couplage Z°qjqji est done fortement supprime a cause 
de la degenerescence des masses des quarks relativement a la masse du boson de jauge 
Z Q (valide pour tous les quarks a l'exception du quark top) et de la propriete d'unitarite 
de la matrice Cabibbo-Kobayashi-Maskawa. De plus, les contributions des interactions du 
MSSM aux effets de changement de saveur sont contraintes par des donnees experiment ales 
sur la physique de basse energie [148]. Plus precisement, ces contributions sont contraintes 
par une degenerescence des masses des particules scalaires supersymetriques (qui sont 
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issues des termes de brisure douce de SUSY) ou par un alignement entre les matrices de 
transformation de la base de courant a la base de masse des fermions du Modele Standard 
et de leur partenaire scalaire. Les effets de changement de saveur offrent done un cadre 
propice a l'etude des interactions fi p mais aussi de toute autre physique au-dela du MSSM. 
La majorite des theories au-dela du MSSM prevoit des effets de changement de saveur 
significatifs [143, 144, 151]. Nous avons neanmoins travaille dans l'hypothese selon laquelle 
les principales contributions aux effets de changement de saveur sont dues aux couplages 
ftp- 

Dans [167], nous avons calcule les asymetries de violation de CP, 

\M JJ '\ 2 -\M JJ '\ 2 , . 

Ajj> = — —Jj±, (5-4) 

\M JJ '\ 2 + \M | 2 

associees aux contributions des interactions fi p a la reaction du type de Eq.(5.2). Dans 

Eq.(5.4), M JJ ' (M ) designe I'amplitude de la reaction — > enje* H j, (/ + /~ — > 

_ , - J J' 

enj'&Hj) [H = L,R; J ^ J']. M JJ et M sont done les amplitudes de processus 
CP conjugues. 

Nous avons done ete amene a etudier dans [167] les contributions des interactions |? p a 
la reaction changeant la saveur l + l~ — > eHje* HJ , [H = L,R; J ^ J'] [165, 166]. Or l'etude 
de ces contributions a aussi permis de developper un test de l'intensite des couplages 
R p . En effet, les contributions des interactions du MSSM aux effets de changement de 
saveur sont contraintes par des donnees experimentales sur la physique de basse energie 
[148]. Plus precisement, ces contributions sont contraintes par une degenerescence des 
masses des particules scalaires supersymetriques (qui sont issues des termes de brisure 
douce de SUSY) ou par un alignement entre les matrices de transformation de la base de 
courant a la base de masse des fermions du Modele Standard et de leur partenaire scalaire. 
Les interactions R p pourraient done apporter une contribution a la reaction changeant 
la saveur / + /~ — > e HJ e* HJ , [H = L, R; J ^ J'] qui soit significative relativement aux 
contributions des interactions du MSSM [152]. 



5.2 Production de paires de fermions 

5.2.1 Taux de changement de saveur 

Les graphes de Feynman des contributions des interactions R p a la reaction de Eq.(5.1) 
sont presentes dans les Figures 5.1 et 5.2. Nous avons considere les contributions des 
interactions |? p a l'ordre d'une boucle pour des raisons qui apparaitront claires dans la 
Section 5.2.2. 

Les contributions des interactions R p a la production de paires de leptons charges 
appartenant a des families differentes l + l~ — > Ijlj, [J ^ J'} impliquent les produits de 
constantes de couplage AjnA*jj, (voie s), A i jiA* J ; 1 (voie t) ou AjuA^j; (voie t) au niveau 
en arbre (l'indice i correspond a la saveur du sneutrino echange) et Ajj'fcA* Jfc , 
ou Xj/jk^jjk & l'ordre d'une boucle (les indices i, j et k correspondent aux saveurs des 
fermions et sfermions echanges dans la boucle). 

Les contributions des interactions a la production de paires de quarks down apparte- 
nant a des families differentes — > djdji [J ^ J'} impliquent les produits de constantes 
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l(k) 



f T (p) 



l(-k') 




(a) 



f p (-p') 






(b) 



(c) 



FlG. 5.1: Diagrammes de Feynman des contributions des interactions ft p a la reaction l + l~ — > 
fjfj' [J 7^ J'] ■ f denote un fermion et f un sfermion. Les diagrammes de Feynman des contributions a 
I'ordre d'une boucle au vertex Z°fjfj/ [J ^ J'} sont presentes dans la Figure 5.2. 



Z (P+P') f(-Q') 



f T (P) 



f'(p-Q) 




f'(Q)< 

f'(-Q')\ 



j f(p-Q) 



1/2" 




(a) 



(b) 



(c) 



FlG. 5.2: Diagrammes de Feynman des contributions des interactions ft p a I'ordre d'une boucle au vertex 
Z° fjfj> [J 7^ J'}- f denote un fermion et f un sfermion. 



de couplage \hi\'*jj 



fvoie s) ou X'ljjX'ijj/ 



voie t) au niveau en arbre (les indices i et j 
correspondent a la saveur du squark up echange) et A'jj/ fc A^j fc ou Kjj^Tjj' & I'ordre d'une 
boucle (les indices i, j et k correspondent aux saveurs des fermions et sfermions echanges 
dans la boucle). 

Les contributions des interactions a la production de paires de quarks up appartenant 
a des families differentes — > ujUji [J ^ J'] impliquent les produits de constantes de 
couplage A / 1 j/ fc A / 1 * Jfc (voie t) au niveau en arbre (l'indice k correspond a la saveur du squark 
down echange) et \'ij' k \'*j k a I'ordre d'une boucle (les indices i et k correspondent aux 
saveurs des fermions et sfermions echanges dans la boucle) . 

Nous notons les amplitudes des contributions des interactions fl p a la reaction de 
Eq.(5.1), 



M 



jj' 



ao JJ ' + E^ J X JJ '(* + ^), 



(5.5) 
(5.6) 



ou Oq j ' represente l'amplitude des contributions des interactions ft p au niveau en arbre 
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et J2 a a t J ' Fa J ' ( s + ^e) l'amplitude des contributions des interactions T^ v a l'ordre d'une 
boucle. Oq J est proportionnel au produit de constantes de couplage fl p implique par le 
processus au niveau en arbre et que l'on note t{ J , % correspondant a la saveur du sfermion 
echange au niveau en arbre. L 'expression de a$ J fait intervenir une sommation sur l'indice 
i dont depend aussi la masse du sfermion echange. De meme, a J a J est proportionnel au 
produit de constantes de couplage fi p implique dans la boucle et que Ton note l J J , a 
correspondant aux deux indices de saveur des fermions et sfermions echanges dans la 
boucle. Enfin, F^ J (s + ie) est une fonction issue d'un calcul de boucle ayant une partie 
imaginaire (voir [165]) et dependant notamment des masses des fermions et sfermions 
echanges dans la boucle et done de a. 

A des energies dans le centre de masse superieures a la masse du boson Z\ les contri- 
butions dominantes des interactions Jfi v a la reaction de Eq.(5.1) proviennent de processus 
a l'ordre des arbres (voir Figure 5.1). Les sections efficaces ojji de ces contributions sont 
de l'ordre de [165], 

*jj> « (^) 4 (^^) 2 " 3 (0.1 - 10) fbarns, (5.7) 
0.1 m 

si l'on suppose que toutes les masses des sfermions (toutes les valeurs absolues des 
constantes de couplage fl p de type A, A' ou A") sont egales a une meme valeur notee rh 
(A). A la resonance du sneutrino, les sections efficaces des contributions des interactions 
ftp a la reaction l + l~ — > Ijlj, [J ^ J'} peuvent atteindre (A/0.1) 4 10 4 /6arns. 

Au pole du boson de jauge Z°, les canaux de desintegration Z — > fj + fj> [J ^ 
J'] impliquent des diagrammes a l'ordre des boucles (voir Figure 5.2). Les rapports de 
branchement Bjji de ces canaux de desintegration s'ecrivent, 



T(Z -> all) 



et sont de l'ordre de [165], 



b„ « (^n^r io-», (5.9) 

0.1 m 

si l'on suppose que toutes les masses des sfermions (toutes les valeurs absolues des 
constantes de couplage ft p de type A, A' ou A") sont egales a une meme valeur notee 
rh (A). 

Les limites actuelles sur les constantes de couplage sont typiquement de l'ordre 
de 10~ 1 (m/100G'el / ), rh etant la masse des sfermions [86]. Par consequent, les sections 
efficaces de Eq.(5.7) peuvent etre superieures a ~ 10/ barns et les rapports de branchement 
de Eq.(5.9) superieurs a ~ 10~ 9 . 

Etant donne les sections efficaces ojji de Eq.(5.7), les contributions des interactions 

a la reaction de Eq.(5.1) hors du pole du boson de jauge Z° sont potentiellement ob- 
servables a LEP II ainsi qu'aux futurs collisionneurs lineaires pour lesquels les luminosites 
attendues sont de l'ordre de 500/6 -1 [83, 127]. 

D'apres les rapports de branchement Bjji de Eq.(5.9), les limites experiment ales ac- 
tuelles sur les rapports de branchement du boson de jauge Z°, BiZ — > e/i+/ie) < 1.7 10 -6 , 
B(Z ->• er + fe) < 9.8 10~ 6 et B(Z -> fir + ffi) < 1.7 10~ 5 [153], imposent les bornes 
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FlG. 5.3: Diagramme de Feynman de I'amplitude au niveau en arbre de la contribution des interactions 
ftp au processus l + l~ — > ct — > cblv . dp- designe un squark down droit. 

suivantes sur les produits de constantes de couplage fl p [165], 

XijjXtjj, < [0.46, 1.1, 1.4] pour [J J 1 = 12, 23, 13], (5.10) 
Xj'jk^jjk < [0-38, 0.91, 1.2] x 10" 1 pour [J J' = 12, 23, 13], (5.11) 

dans l'hypothese d'un produit de constantes de couplage fi p dominant et pour une masse 
des sfermions de fh = lOOGel^. Les bornes de Eq.(5.10,5.11) seront ameliorees dans le 
cadre de la physique aux collisionneurs lineaires et pourraient meme devenir plus fortes 
que les limites indirectes actuelles [86]. 

Les rapports de branchement de Eq.(5.9) sont du meme ordre de grandeur que les 
rapports de branchement des disintegrations hadroniques du boson de jauge Z° calculees 
dans le cadre du Modele Standard qui valent, B{Z ^bs + sb) = 10~ 7 , B(Z ^bd + db) = 
10~ 9 ct B(Z -> sd + ds) = 10~ n [143, 144]. 

PRODUCTION SIMPLE DE QUARK TOP : 

Dans le secteur des quarks, les effets de changement de saveur lies a la reaction 
l + l~ — > q,jq,j> [J 7^ J'] sont difficilement detectables a cause de la mauvaise identifica- 
tion experimentale de la saveur des quarks. Dans ce contexte, la production simple de 
quark top l + l~ — > tc / ic parait interessante car le quark top donne lieu a une signature 
caracteristique. En effet, de par sa grande masse, le quark top possede un temps de vie 
T to P = [1-56 G eV ( 18 ™ to ^ eV ) 3 ] ~ 1 qui est plus court que le temps typique d'hadronisation 
1/Aqcd- Par consequent, le quark top, une fois produit, se desintegre, et son principal 
canal de disintegration est t —> bW ± . Le quark top donne done lieu a une signature claire 
de type blv lorsque le boson de jauge W ± se desintegre en leptons. 

Dans [166], nous avons etudie l'etat final cblv, [I = e, fi] issu de la contribution des 
interactions A' m et \'i 3k (k correspondant a l'indice de generation du squark down droit 
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FlG. 5.4: Sensibilite sur le produit de constantes de couplage fi p A' 12fe A' 1 3 fe /0.01 en fonction de la masse 
du squark down droit rh obtenue par I'etude de la signature cblv, [I = e,/i] a des energies dans le centre 
de masse s^ = [192. ,500, 1000] GeV et pour les luminosites associees C = [2., 100., 100.] Les 
regions se situant au-dessus des courbes correspondent a une exclusion d 95%C.L., c'est a dire que ces 
domaines sont tels que S/^/S + B > 3 ou S represente le nombre d'evenements du signal ]jl p et B le 
nombre d'evenements du bruit de fond issu du Modele Standard. 



dkR echange dans la voie t) a la reaction l + l~ — > ct — > cblu, [I = e, fx] (voir Figure 5.3). 
Nous avons calcule des distributions de variables cinematiques permettant d'appliquer 
des coupures reduisant le bruit de fond issu du Modele Standard et associe a la signature 
cblu, [I — e, fx]. Ce bruit de fond provient principalement de la reaction l + l~ — > W ± W T — > 
cblu, [I = e, fx}. Nous avons obtenu une efncacite pour les coupures cinematiques men- 
tionnees ci-dessus de 0.8 pour le signal et de 3 10~ 3 pour le bruit de fond issu du Modele 
Standard. Ces efficacites dependent faiblement de l'energie dans le centre de masse et de 
la masse du dkR- Bases sur ces efficacites, nous avons calcule le potentiel de decouverte 
associe a l'analyse de la signature cblu, [I = e,fx\. Dans la Figure 5.4, nous presentons 
ce potentiel de decouverte dans le plan \' 12k \'f 3k /0.0l versus la masse du d kR . La Figure 
5.4 montre que I'etude de la reaction l + l~ — > ct — > cblu, [I = e, fx] aupres des futurs 
collisionneurs lineaires, dont les luminosites devraient etre de l'ordre de 10 2 /6 _1 [83, 127], 
permettra d'ameliorer les limites sur (ou bien de detecter) les produits de constantes de 
couplage A' 121 A / 1 * 31 et A / 122 A / 1 * 32 . Effectivement, la borne indirecte actuelle sur le produit 
A' 121 Ai* 3 i (Ai 22 A'* 2 ) est A' 121 A' 131 < 1.225 10- 3 (m~ SL /l00GcV)(m~ bL /l00GcV) (A' 122 A' 132 < 
6.8 10- 3 (m s -/100Ge"l/) 3 / 2 ) et vaut done A' 121 A' 131 /0.01 < 1.225 KT 1 (Ai 22 A' 132 /0.01 < 
6.8 KT 1 ) pour m~ dk = lOOGeV et A' 121 A' 131 /0.01 < 12.25 (A' 122 A' 132 /0.01 < 21.50) pour 
= ITeV [86]. En revanche, I'etude de la production simple de quark top ne permet- 
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tra pas d'ameliorer la limite sur le produit A'^A'^g dont la borne indirecte actuelle est 
tres forte : A / 123 A / 13 3 < 1.4 1CT 4 pour = lOOGeV [86]. L'etude des contributions des 
interactions a la reaction l + l~ — > ct — > cblu, [I = e, fj] est la seule etude permettant de 
tester efncacement le produit de constantes de couplage A^A'^ {k = 1, 2) dans les colli- 
sions de haute energie [166]. Remarquons finalement qu'une etude dans le meme contexte 
de la reaction — > ut — > ublu, [I = e, //] donnerait des result at s semblables sur le 
produit dominant de constantes de couplage Tfi v A^A'^ car l'etat final que nous avons 
effectivement considere est 2 jets + I + v. 



5.2.2 Asymetries liees a la violation de CP 

En remplagant dans Eq.(5.3) les amplitudes par leur expression explicite (voir Eq.(5.5,5.6)), 
nous trouvons apres calcul les expressions suivantes pour les asymetries liees a la violation 
de CP et associees aux contributions des interactions ft p a la reaction de Eq.(5.1) [165], 



l°0 I L a 

E Im(a J /a J /*)Im(FJ J '(s + ie)F J /*{s + ie)) 

a<a' 



(5.12) 



Le premier terme de Eq.(5.12) correspond a une interference entre les amplitudes au 
niveau en arbre et a l'ordre d'une boucle. Quant au second terme, il provient d'une in- 
terference entre des contributions a l'ordre d'une boucle impliquant differentes generations 
de (s)fermions. Nous remarquons que les deux termes de Eq.(5.12) ne sont pas nuls uni- 
quement si les constantes de couplage ont une phase complexe et si Ton considere les 
parties imaginaires issues des calculs de boucle. Hors du pole du boson de jauge Z°, la 
contribution majeur a l'asymetrie de violation de CP definie dans Eq.(5.12) provient du 
premier terme de Eq.(5.12). 

Au pole du boson de jauge Z°, l'observable liee a la violation de CP correspondant a 
l'asymetrie de Eq.(5.3) est definie par, 

T(Z ^fj + fj.) - T(Z - fj, + fj) 

Ajj> 



r(z^fj + fj,) + r(z^fj, + fj) 



n E H =L, R J: a<a < Im{li J, lif*)Im{I J H j{s + ie)Zj&*( 8 + ie)) 



ou Iji a (s + ie) est une fonction issue d'un calcul de boucle ayant une partie imaginaire 
(voir [165]) et dependant notamment des masses des fermions et sfermions echanges dans 
la boucle et done de a qui, rappelons-le, correspond aux deux indices de saveur des fer- 
mions et sfermions echanges dans la boucle. L'observable definie dans Eq.(5.13) est basee 
sur une interference entre des contributions a l'ordre d'une boucle impliquant differentes 
generations de (s)fermions. Remarquons qu'au pole du boson de jauge Z°, les asymetries 
de violation de CP (voir Eq.(5.13)), tout comme les contributions aux taux de changement 
de saveur (voir Eq.(5.8)), impliquent des processus a l'ordre des boucles. 

A des energies dans le centre de masse superieures a la masse du boson Z°, les 
asymetries liees a la violation de CP de Eq.(5.12) sont de l'ordre de [165], 

A, Lr ^ (1(T 2 - 1(T 3 ) sin^, (5.14) 
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si Ton suppose que toutes les masses des sfermions (toutes les valeurs absolues des 
constantes de couplage ft p de type A, A' ou A") sont egales a une meme valeur notee 
m (A). Le resultat de Eq.(5.14) a ete obtenu en supposant que seuls les produits de 
constantes de couplage fl p impliquees dans les processus a l'ordre d'une boucle ont une 
phase complexe et que cette phase complexe ip est identique pour tous ces produits de 
constantes de couplage c'est a dire dans nos notations arg(t^ J ') = et arg(l J a J ') = ip 
pour tout i, a, J et J'. 

Au pole du boson de jauge Z°, les asymetries liees a la violation de CP de Eq.(5.13) 
sont de l'ordre de [165], 

Aj. r « (10" 1 - 10~ 3 ) sin^, (5.15) 

si Ton suppose que toutes les masses des sfermions (toutes les valeurs absolues des 
constantes de couplage fl p de type A, A' ou A") sont egales a une meme valeur notee 
m (A). Le resultat de Eq.(5.15) a ete obtenu en supposant que seuls les produits de 
constantes de couplage ft p impliquees dans les boucles dans lesquelles sont echanges des 
(s)fermions appartenant a la troisieme famille ont une phase complexe et que cette phase 
complexe ip est identique pour tous ces produits de constantes de couplage ft p , ce qui 
s'ecrit dans nos notations arg{tj J ) = et arg{l^ J ) = (jp) pour tout i, J, J' et si aucun 
(au moins un) des deux indices de a n'est (est) egal a 3. 

Les asymetries definies dans Eq.(5.12) et Eq.(5.13) ont une dependance dans les 
constantes de couplage ft p du type, 

|E^ JJ 'I 2 

et, 

E a<a > Im(l J a J 'l J J'*) 
IV 7^'|2 

I l^a b a I 

respectivement, qui pourraient conduire a d'importants facteurs de reduction ou d'aug- 
mentation si les constantes de couplage fi p exhibaient une grande hierarchie dans l'espace 
des saveurs. 

Nous avons vu dans [166] que les erreurs statistiques sur les asymetries definies dans 
Eq.(5.12) sont du meme ordre de grandeur que les asymetries elles-memes pour une lu- 
minosite de £ = 100/6" 1 et une valeur du produit de constantes de couplage fl p implique 
dans le processus au niveau en arbre de AA = 0.1. Cependant, si la structure des constantes 
de couplage |? p exhibait une forte hierarchie dans l'espace des saveurs, les valeurs des 
asymetries seraient augmentees devenant ainsi superieures aux incertitudes statistiques. 
Par ailleurs, un calcul des incertitudes statistiques plus precis que celui effectue dans [166] 
donnerait des resultats plus optimistes. 

Pour des energies comprises dans l'intervalle lO^eV — 10 3 GeV, la quantite Iojji x 
Ajj< x 500/&- 1 (Ajj> etant defini dans Eq.(5.12)) est de l'ordre de (1 - 10) (A/0.1) 4 
(lOOGeV/fh) 2 ~ 3 sin^. Par consequent, si les constantes de couplage ftp ne sont pas ef- 
fectivement proches de leur limite actuelle [86] et si la structure des constantes de couplage 

n'exhibe pas de forte hierarchie dans l'espace des saveurs, les asymetries de violation 
de CP dues aux interactions ft p seront difficilement observables aupres des futurs colli- 
sionneurs lineaires [83, 127]. 
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(5.16) 



(5.17) 



Les asymetries de Eq.(5.15) sont du meme ordre de grandeur que les asymetries de 
violation de CP associees aux disintegrations hadroniques du boson de jauge Z° calculees 
dans le cadre du Modele Standard qui valent, Ab s = 1CT 5 sin 5ckm, Abd = 10~ 3 sin 5ckm 
ct A sd = 1CT 1 sin Sckm [143, 144]. 

PRODUCTION SIMPLE DE QUARK TOP : 

La reaction — > ct / ct, t — > blv / t — > blv [I = e, fj] permet de tester les effets de 
changement de saveur (voir Section 5.2.1) et done les effets de violation de CP, dans le 
secteur des quarks. Pour cette reaction, la quantite 2a 2 3 x .4.23 x 500/5~ 1 (Ajj> etant defini 
dans Eq.(5.12)) est diminuee d'un facteur B(W — > Iv) = 21.1% [I = e,/j] par rapport 
aux reactions du type — > fjfj', fjfj>, mais elle reste du meme ordre de grandeur. 
Les conclusions sur les incertitudes statistiques et sur 1 'observability des asymetries de 
violation de CP definies dans Eq.(5.12) sont done similaires pour les processus l + l~ — > 
ct I ct, t -^blv I t -> blv [I = e,fj] et -> f,jf.j>, fjfj>. 

Dans [166], nous nous sommes interesses a une autre asymetrie que celle definie dans 
Eq.(5.12) en vue d'obtenir une meilleure sensibilite sur les effets de violation de CP lies 
au processus — > ct / ct, t — > blv / t — > friz/ [/ = e, //]. L'asymetrie de violation de CP 
que nous avons calcule depend du spin du quark top produit et est definie par, 

dcr + da~ 

dEi " l " dE t 

ou cr + et cr~ sont respectivement les sections efficaces des processus l + l~ — > tc et / + /~ — > tc 
et est l'energie du lepton charge produit dans la disintegration du quark top t — >• 
La quantite da + /dEi est fonction de la polarisation du quark top t alors que la quantite 
da~ /dEi est fonction de la polarisation de l'anti-quark top t [166]. 

A des energies dans le centre de masse comprises dans I'intervalle 10 2 GeV — 10 3 GeV, 
les asymetries liees a la violation de CP de Eq.(5.18) sont de I'ordre de [166], 

A pd w (1(T 2 - 1(T 3 ) sin^, (5.19) 

si Ton suppose que toutes les masses des sfermions (toutes les valeurs absolues des 
constantes de couplage fi p de type A') sont egales a une meme valeur m = lOOGeV (A). 
Le resultat de Eq.(5.19) a ete obtenu en supposant que seuls les produits de constantes 
de couplage ft p impliquees dans les processus a I'ordre d'une boucle ont une phase com- 
plexe et que cette phase complexe ijj est identique pour tous ces produits de constantes 
de couplage ft p , e'est a dire dans nos notations argitf') = et arg(l^) = ip pour tout i 
et a. 

Les asymetries definies dans Eq.(5.18) ont une dependance dans les constantes de 
couplage |? p du type, 



23/23*^ 



2312 



(5.20) 



qui pourrait conduire a un important facteur de reduction ou d' augment at ion si une 
grande hierarchie existait parmi les constantes de couplage dans l'espace des saveurs. 
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FlG. 5.5: Diagrammes de Feynman des contributions des interactions R p a la reaction l + l~ — > 
chj^hji [H = L, R; J J'], f denote un fermion et e un slepton charge. Les diagrammes de Feynman 
des contributions a I'ordre d'une boucle au vertex Z°eHje* HJ , [H — L,R; J'} sont presentes dans la 
Figure 5.6. 

Nous avons vu dans [166] que les erreurs statistiques sur les asymetries definies dans 
Eq.(5.18) sont du meme ordre de grandeur que les asymetries elles-memes pour une lu- 
minosite de £ = 100/6" 1 et une valeur du produit de constantes de couplage R p implique 
dans le processus au niveau en arbre de A^A'^ = 0.1. Cependant, si la structure des 
constantes de couplage R p exhibait une forte hierarchie dans l'espace des saveurs, les 
valeurs des asymetries seraient augmentees devenant ainsi superieures aux incertitudes 
statistiques. Par ailleurs, un calcul des incertitudes statistiques plus precis que celui ef- 
fectue dans [166] donnerait des resultats plus optimistes. 

Pour des energies comprises dans l'intervalle 10 2 GeV — lO^el^, la quantite 2ajj/ x 
A v ° l x 500/V 1 (A po1 etant defini dans Eq.(5.18)) est de I'ordre de (1 - 10)(A/0.1) 4 
(100GeV/rh) 2 ~ 3 sintp. Par consequent, pour le processus Z + /~ — > ct / ct, t — > blu / t — > 
blv [I = e,/i], la conclusion concernant les asymetries de type A poL est identique a celle 
concernant les asymetries de violation de CP definies dans Eq.(5.12) : si les constantes de 
couplage ftp ne sont pas effectivement proches de leur limite actuelle [86] et si la structure 
des constantes de couplage Tfl v n'exhibe pas de forte hierarchie dans l'espace des saveurs, 
les contributions des interactions aux asymetries de violation de CP seront difficilement 
observables aupres des futurs collisionneurs lineaires [83, 127]. 

Remarquons finalement qu'une etude dans le meme contexte de la reaction — > 
ut — > ublu, [I = e, fi] donnerait des resultats semblables sur les phases complexes du 
produit dominant de constantes de couplage A'^A'^;., car l'etat final que nous avons ef- 
fectivement considere est 2 jets + I + v. 

5.3 Production de paires de sfermions 

5.3.1 Taux de changement de saveur 

Les graphes de Feynman des contributions des interactions fi p a la reaction du type 
de Eq.(5.2), l + l~ — > e HJ e* HJ , [H = L, R; J ^ J'], sont presentes dans les Figures 5.5 
et 5.6. Nous avons considere les contributions des interactions R p a I'ordre d'une boucle 
pour des raisons qui apparaitront claires dans la Section 5.3.2. 

Les contributions des interactions R p a la production de paires de sleptons charges 
gauches appartenant a des families differentes l + l~ — > eLj&Lj' [J J'} impliquent les 
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FlG. 5.6: Diagrammes de Feynman des contributions des interactions ft p a I'ordre d'une boucle au vertex 
Z eHje^j, [H — L,R; J'] . u et d denotent des fermions et f un slepton charge. 



produits de constantes de couplage A i j'iA* J1 (voie t) au niveau en arbre (l'indice % corres- 
pond a la saveur du neutrino echange) et ^j'jk^jjk ou ^'j'jk^jjk & I'ordre d'une boucle (les 
indices j et k correspondent aux saveurs des fermions echanges dans la boucle). 
Les contributions des interactions ft p a la production de paires de sleptons charges droits 
appartenant a des families differentes — > e.Rje* RJ , [J ^ J'] impliquent les produits 
de constantes de couplage \nj\*ur (voie t) au niveau en arbre (l'indice % correspond a la 
saveur du neutrino echange) et \jjX*jj> a I'ordre d'une boucle (les indices % et j corres- 
pondent aux saveurs des leptons echanges dans la boucle). 

La production de paires de sleptons charges gauche et droit appartenant a des families 
differentes l + l~ — > e^je^j, [J ^ J'} ne regoit pas de contributions des interactions ft p au 
niveau en arbre pour des neutrinos de masses nulles et n'a done pas ete consideree. 

Nous notons les amplitudes des contributions des interactions ft p a la reaction l + l~ — > 
e HJ e* HJ , [H = L,R- J ± J'], 

M JJ '=a^ + J2a J a J 'F^(s + te), (5.21) 

a 

M J ' = a J /* + £ a J /*Ff J (s + te), (5.22) 

a 

ou al' J ' represente l'amplitude des contributions des interactions ft p au niveau en arbre 
et J2 a a a J ( s + ^amplitude des contributions des interactions ft p a I'ordre d'une 
boucle. Oq 3 est proportionnel au produit de constantes de couplage ft p implique par le 
processus au niveau en arbre et que l'on note t JJ , i correspondant a la saveur du neutrino 
echange au niveau en arbre. L 'expression de Oq 3 fait intervenir une sommation sur l'indice 
i dont depend aussi la masse du neutrino echange. De meme, a J a J est proportionnel au 
produit de constantes de couplage ft p implique dans la boucle et que l'on note l J J , a 
correspondant aux deux indices de saveur des fermions echanges dans la boucle. Enfin, 
Fa J ( s + es ^ une fonction issue d'un calcul de boucle ayant une partie imaginaire (voir 
[167]) et dependant notamment des masses des fermions echanges dans la boucle et done 
de a. 

Les contributions dominantes des interactions ft p a la reaction du type de Eq.(5.2), 
l + l~ — > GHje* H j, [H = L,R; J ^ J'], proviennent de processus a I'ordre des arbres 
(voir Figure 5.5). Pour des energies dans le centre de masse comprises dans l'intervalle 
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!0 2 GeV < y/s < 10 3 GeV, les sections efficaces ajj> de ces contributions sont de l'ordre 
de [167], 

ajj> ~ (7^) 4 (2 - 20) fbarns, (5.23) 

si Ton suppose que toutes les masses des sfermions (toutes les valeurs absolues des 
constantes de couplage R p de type A, A' ou A") sont egales a une meme valeur rh < AOOGeV 
(A). 

Les limites actuelles sur les constantes de couplage R p sont typiquement de l'ordre 
de 10~ 1 (m/100Gel / ), rh etant la masse des sfermions [86]. Par consequent, les sections 
efficaces de Eq.(5.23) peuvent etre superieures a ~ 20 / 'barns. 

Etant donne les sections efficaces cxjj/ de Eq.(5.23), les contributions des interactions 
R p a la reaction — > eHje* HJ , [H = L,R; J ^ J'] seront potentiellement observables 
aux futurs collisionneurs lineaires pour lesquels les luminosites attendues sont de l'ordre 
de 500/V 1 [83, 127]. 

Les sections efficaces de Eq.(5.23) sont du meme ordre de grandeur que les sections 
efficaces des contributions des interactions du MSSM a la reaction l + l~ — > e HJ e* HJI [H = 
L,R; J'] qui sont comprises entre 0.1 (0.01) et 250 (100) f barns, pour y/s = 190GeV 
(^s~ = 500GeV) [152]. 



5.3.2 Asymetries liees a la violation de CP 

En remplagant dans Eq.(5.4) les amplitudes par leur expression explicite (voir Eq.(5.22)), 
nous trouvons apres calcul les expressions suivantes pour les asymetries liees a la vio- 
lation de CP et associees aux contributions des interactions R p a la reaction l + l~ — > 
e HJ e* HJ , [H = L, R; J ^ J>] [167], 



A 



j j' 



\ n JJ'\2 
l a I 



^Im(a J J 'a J /*)Im(F^'(s + ie)) 



(5.24) 



L'observable definie dans Eq.(5.24) correspond a une interference entre les amplitudes au 
niveau en arbre et a l'ordre d'une boucle. Nous remarquons que l'asymetrie de Eq.(5.24) 
n'est pas nulle uniquement si les constantes de couplage R p ont une phase complexe et si 
Ton considere les parties imaginaires issues des calculs de boucle. 

A des energies dans le centre de masse comprises dans l'intervalle lO^eV < y^s < 
10 3 GeV, les asymetries liees a la violation de CP de Eq.(5.24) sont de l'ordre de [167], 

Aj. r ~ (10" 2 - 10" 3 ) sin^, (5.25) 

si Ton suppose que toutes les masses des sfermions (toutes les valeurs absolues des 
constantes de couplage R p de type A, A' ou A") sont egales a une meme valeur notee 
rh (A). Le resultat de Eq.(5.25) a ete obtenu en supposant que seuls les produits de 
constantes de couplage R p impliquees dans les processus a l'ordre d'une boucle ont une 
phase complexe et que cette phase complexe ip est identique pour tous ces produits de 
constantes de couplage fi p , c'est a dire dans nos notations arg{tf J ) = et arg{l^ J ) = ip 
pour tout i, a, J et J'. 
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Les asymetries definies dans Eq.(5.24) ont une dependance dans les constantes de 
couplage R p du type, 



Ei E a Im( tt J 'l J a J '* 



7JTT2 > ( 5 - 26 ) 



qui pourrait conduire a un important facteur de reduction ou d' augment at ion si une 
grande hierarchie existait parmi les constantes de couplage R v dans l'espace des saveurs. 
A titre d'exemple, supposons que les constantes de couplage R p soient egales a leur limite 
indirecte actuelle provenant des contraintes de la physique de basse energie [86] . Dans ce 
cas, un facteur Im<y A f * A % A2 ;f Aa33 ^ m 90 sin^, correspondant a J = 3 et J' = 2, apparaitrait 

l A 131 A i2ll 

dans les asymetries issues des contributions des interactions A (au niveau en arbre) et A' 
(a l'ordre d'une boucle) a la reaction — > eije* L j, [J ^ J']. 

Pour des energies dans le centre de masse superieures a 500GeV et une masse univer- 
selle des sfermions rh < AOOGeV, la quantite 2ajj> x Ajj> est de l'ordre de (A/0.1) 4 10 _1 
sin^ f barns. Par consequent, Les asymetries liees a la violation de CP et associees aux 
contributions des interactions ftp a la reaction — > eHje* HJ , [H = L,R; J ^ J'} seront 
potentiellement detectables aupres des futurs collisionneurs lineaires dont les luminosites 
devraient atteindre 500/V 1 pour y/s > 500GeV [83, 127]. 

Pour une masse universelle des sfermions rh < AOOGeV, la quantite 2a jj< x Ajj' (Ajj> 
etant defini dans Eq.(5.4)) est de l'ordre de (A/0.1) 4 (10 _1 - 10°) sin^ fbarns. Cette 
valeur typique est inferieure a la valeur de la quantite djji — aj>j ~ (3 — 16) fbarns 
issue des contributions a la reaction l + l~ — > e.Hje* HJ i [H = L,R; J ^ J'] provenant 
des oscillations des sleptons dans le cadre du MSSM [145]. Mentionnons cependant que 
les contributions provenant de l'oscillation des sleptons peuvent dependre davantage du 
modele considere que les contributions calculees ci-dessus et que les predictions de [145] 
ont ete obtenues dans le cadre d'hypotheses tendant a maximiser les effets de violation 
de CP. 
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1 Singly Produced Sparticles at e + e Colliders 

The measure of the ft p coupling constants could be performed via the detection of 
the displaced vertex associated to the ft p decay of the LSP. The sensitivities on the 
ft p couplings obtained through this method depend on the detector geometry and per- 
formances. Let us estimate the largest values of the ft p coupling constants that can be 
measured via the displaced vertex analysis. We suppose that the LSP is the lightest neu- 
tralino (x?)- The flight length of the LSP in the laboratory frame is then given in meters 
by [13], 

where A = A, A' or A", c is the light speed, 7 the Lorentz boost factor, r the LSP life time, 
rriLSP the LSP mass and m the mass of the supersymmetric scalar particle involved in the 
three-body ft p decay of the LSP. Since the displaced vertex analysis is an experimental 
challenge at hadronic colliders, we consider here the futur linear colliders. Assuming that 
the minimum distance between two vertex necessary to distinguish them experimentally 
is of order 2 10~ 5 m at linear colliders, we see from Eq.(l.l) that the ft p couplings could 
be measured up to the values, 

A < 1.2 10-y /2 ( ™ f{ ^GeV ^ 

1 K 100GeV J V m LSP ! V ; 

There is a gap between these values and the low-energy experimental constraints on the 
ftp couplings which range typically in the interval A < 1CT 1 — 10 -2 for superpartners 
masses of lOOGeV. However, the domain lying between these low-energy bounds and the 
values of Eq.(1.2) can be tested through another way : The study of the single produc- 
tion of supersymmetric particles. Indeed, the cross sections of such reactions are directly 
proportional to a power of the relevant ft p coupling constant (s), which allows to deter- 
mine the values of the ft p couplings. Therefore, there exists a complementarity between 
the displaced vertex analysis and the study of singly produced sparticles, since these two 
methods allow to investigate different ranges of values of the ft p coupling constants. 

Another interest of the single superpartner production is the possibility to produce 
supersymmetric particles at lower center of mass energies than through the superpartner 
pair production, which is the favored reaction in R-parity conserved models. 

1.1 Resonant Production of Sneutrinos 

At leptonic colliders, the sneutrinos z> M and u T can be produced at the resonance 
through the couplings A211 and A311, respectively. The sneutrino may then decay either 
via an ftp interaction, for example through X^j, as, v % — > Ijlk, or via gauge interaction as, 
v % L — > xt^i 01 1 ~* Xa u L [14] . The sneutrino partial widths associated to the leptonic 
and gauge decay channel are given in the following equations [15], 

r(i£ - = j^rn 9l , (1.3) 
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Cn 2 m 2 .+ 

\> : ,.) -£" ! ^^-^' 2 - ( :i - J ) 



V 



L 



where C = \V a i\ 2 for the decay into chargino and C = |A^ a2 | 2 , for the neutralino case, with 
V a i and N a2 the mixing matrix elements written in the notations of [16]. For reasonable 
values of \jk (< 0.1) and most of the region of the supersymmetric parameter space, the 
decay modes of Eq.(1.4) are dominant, if kinematically accessible [17, 15]. In a SUGRA 
parameter space, if m P i > 80 GeV, with M 2 = 80 GeV, \x = 150 GeV and tan/3 = 2, the 
total sneutrino width is higher than 100 MeV which is comparable to or greater than the 
typical expected experimental resolutions. The cross section formula, for the sneutrino 
production in the s-channel, is the following [15], 



cne^e — > u T — > X ) = — 5 ^— - ^—-75 , (1.5) 

m\ s-m 2 , 2 + m 2 i r 2 l 



L L L L 



where T(X) generally denotes the partial width for the sneutrino decay into the final state 
X. At sneutrino resonance, Eq.(1.5) takes the form, 

a{e + e~ = —B{P L ^ e + e-)B{P L - X), (1.6) 

where B{y l L — > X) generally denotes the partial width for sneutrino decay into a final 
state X. 



1.2 Single Gaugino Production 

Two single superpartner productions receive the contribution from the resonant sneu- 
trino production at e + e~ colliders : The single chargino and neutralino productions (see 
Fig.l(a)(b)). The single production of chargino, e + e~ — * xt^J ( y i a ^iji)> receives a contri- 
bution from the s-channel exchange of a i)jL sneutrino and another one from the ex- 
change of a v e L sneutrino in the t-channel (see Fig. 1(a)). The single neutralino production, 
e + e~ — > Xa u j ( v i & ^i?'i)> occurs through the s-channel DjL sneutrino exchange and also 
via the exchange of a slepton in the t-channel or a e# slepton in the -u-channel (see 
Fig.l(b)). 

For Ayi = 0.05, 50 GeV < m < 150 GeV and 50 GeV < M 2 < 200 GeV in a SUGRA 
parameter space, the off pole values of the cross sections are typically of order 100 fb 
(10 fb ) for the single chargino production and 10 fb (1 fb ) for the single neutralino 
production at ^ = 200 GeV (500 GeV) [18] (see Fig.2 and Fig.3). At the sneutrino 
resonance, the cross sections of the single gaugino productions reach high values : using 
Eq.(1.6), the rate for the neutralino production in association with a neutrino is of order 
3 10 3 in units of the QED point cross section, R = a, pt = 47ra 2 /3s, for M 2 = 200 GeV, 
H = 80 GeV, tan/3 = 2 and Aiji = 0.1 at ^/s = m~j = 120 GeV [15]. The cross section 

for the single chargino production reaches 2 10 _1 pb at yfs = m~j = 500 GeV, for 
Ayi = 0.01 and m^± = 490 GeV [26]. The Initial State Radiation (ISR) lowers the single 
gaugino production cross section at the v pole but increases greatly the single gaugino 
production rate in the domain m gaugino < m„ < y/s. This ISR effect can be observed in 
Fig.4 which shows the single charginos and neutralinos productions cross sections as a 
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FlG. 1: Feynman diagrams for the single production processes at leptonic colliders, namely, Ijlj — > x 
(a,), Z7Z7 -> x°P m Z7Z7 -» ^L W+ fa), ^7 -» v mL Z Q (d) and l+lj -> i> mi 7 fe/ T/ie circfed 
vertex correspond to the ]jl p interaction, with the coupling constant \ m jj, and the arrows denote flow of 
momentum. 
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Fig. 2: The integrated cross-sections [18] for the process e + e~ — >■ xT^> a ^ a center of 
mass energy of 500 GeV, are shown as a function of /x for discrete choices of the remaining 
parameters : (a) tan/5 = 2, m = 50 GeV, (b) tan/? = 50, m = 50 GeV, (c) tan/? = 2, 
m = 150 GeV, and (d) tan/? = 50, m = 50 GeV, with Aiji = 0.05. The windows 
conventions are such that tan/? = 2, 50 horizontally and m = 50, 150 GeV vertically. The 
different curves refer to the value of M 2 of 50 GeV (continuous line), 100 GeV (dot-dashed 
line), 150 GeV (dotted line), as indicated at the bottom of the figure. 



function of the center of mass energy for a given MSSM point [17]. 

The single xf (x?) production rate is reduced in the higgsino dominated region <C 
Mi, M 2 where the xf (x?) is dominated by its higgsino component, compared to the wino 
dominated domain \fj,\ ^> Mi, M 2 in which the xf (x?) is mainly composed by the higgsino 
[18]. Besides, the single xf (xi) production cross section depends weakly on the sign of 
the \i parameter at large values of tan /?. However, as tan /? decreases the rates increase 
(decrease) for sign(ii) > (< 0). This evolution of the rates with the tan/3 and sign(ii) 
parameters is explained by the evolution of the xf an d Xi masses in the supersymmetric 
parameter space [18]. 

The experimental searches of the single chargino and neutralino productions have been 
performed at the LEP collider at various center of mass energies [8, 19, 20, 21, 22]. The 
single xf production has mainly been studied through the 4/ ± + ]p final state and the 
single X? production via the 2/ ± + ]fi signature. The motivations were that if the lightest 
neutralino is the LSP it decays as x? ^ v via the A coupling and the lightest chargino 
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Fig. 3: The integrated cross-sections [18] for the process e + e~ — > at a center of mass 
energy of 500 GeV, are shown as a function pf /i for discrete choices of the remaining 
parameters : (a) tan/3 = 2, m = 50 GeV, (b) tan/3 = 50, m = 50 GeV, (c) tan/3 = 2, 
m = 150 GeV, and (d) tan/3 = 50, m = 50 GeV, with Ayi = 0.05. The windows 
conventions are such that tan/3 = 2, 50 horizontally and m = 50, 150 GeV vertically. The 
different curves refer to the value of M 2 of 50 GeV (continuous line), 100 GeV (dot-dashed 
line), 150 GeV (dotted line), as indicated at the bottom of the figure. 



can decay as Xi ~^ Xi^ ±z/ - The off pole effects of the single gaugino productions rates 
(see above) are at the limit of observability at the LEP collider even with the integrated 
luminosity of LEP II : C ~ 200p5~ 1 . Therefore, the experimental analyses of the single 
gaugino productions have excluded values of the Aiji couplings smaller than the low- 
energy bounds only at the sneutrino resonance point yfs = and, due to the ISR effect, 
in a range of typically Amp bQGeV around the v pole. Nevertheless, recall that these 
analyses have been performed at several center of mass energies y/s, which has allowed to 
cover a wide range of the v mass. We finally note that at the various sneutrino resonances, 
the sensitivities on the Ayi couplings which have been derived from the LEP data reach 
values of order 10~ 3 . 

The experimental analyses of the single chargino and neutralino productions (via both 
the sneutrino resonance study and the off pole effects) at linear colliders should be inter- 
esting due to the high luminosities and energies expected at these futur colliders [23, 24]. 
However, the single gaugino productions might suffer a large supersymmetric background 
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Fig. 4: Cross sections of the single charginos and neutralinos productions as a function 
of the center of mass energy for the two values mp = 300GeV, A50GeV with mg = ITeV, 
M 2 = 250GeU, // = — 200GeU, tan (3 = 2 and Ayi = 0.1. The rates values are calculated 
by including the ISR effect and by summing over the productions of the different xt and 
X°j eigenstates which can all be produced for this MSSM point. 



at linear colliders. Indeed, due to the high energies reached at these colliders, the pair pro- 
ductions of supersymmetric particles may have large cross sections. In [25], it was shown 
that the SUSY background of the 4/ ± + Ip signature generated by the xtf^ production via 
A121 could be greatly reduced with respect to the signal : First, this SUSY background can 
be suppressed by making use of the beam polarization capability of the linear colliders. 
Secondly, the specific kinematics of the single chargino production reaction allows to put 
some efficient cuts on the transverse momentum of the lepton produced together with the 
chargino. By consequence of this SUSY background reduction, the sensitivity on the A m 
coupling obtained from the xt^ T production study at linear colliders for y/s = 500GeU 
and L = 500/6" 1 [23] would be of order 10 -4 at the sneutrino resonance and would im- 
prove the low-energy constraint over a range of Am^ 500GeU around the v pole, 
assuming the largest SUSY background allowed by the experimental limits on the SUSY 
masses [25] . We mention that due to the high luminosities reached at linear colliders, the 
off resonance contributions to the cross section play an important role in the single xt 
production analysis. 

Besides, the two-body kinematics of the reactions e + e~ — > x±2^ should allow to 
determine the xt an d xt masses [25]. As a matter of fact, the energy of the lepton 
produced together with the chargino E(P) is completely fixed by the center of mass 
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energy y/s, the lepton mass and the chargino mass rn^± n via the relation, 



(•1,2 

s + mpp — m.± 

E ^ = — vr^- < L7 » 

The lepton momentum P(P), which is related to the lepton energy by P(P) = (E(l T ) 2 — 
m 2 T c A ) 1 ^ 2 1 c, is thus also fixed. Therefore, the experimental momentum value of the pro- 
duced lepton should allow to determine the xf and xf masses through Eq.(1.7). In fact, 
a photon is radiated from the initial state due to the ISR so that the single chargino 
production must be treated as the three-body reaction e + e~ — > xf 2 ^7- However, it was 
shown in [25] that the X\,2 masses determinations would remain possible in the case of a 
large ISR effect and that the accuracy on m-± could reach ~ QGeV at linear colliders in 
such a case. 



1.3 Non Resonant Single Production 

The slepton and the sneutrino can also be singly produced via the coupling Ayi in 
the (non-resonant) reactions e + e~ — > IJ L W ± , e + e~ — > u^Z and e + e~ — > v\f). Those 
reactions receive contributions from the exchange of a charged or neutral lepton of the 
first generation in the t- or -u-channel (see Fig.l). The single productions of a sneutrino 
accompanied by a Z° or a W ± boson also occur through the exchange in the s-channel of 
a u 3 L sneutrino which can not be produced on-shell (see Section 2.3). When kinematically 
allowed, these processes have some rates of order 100 fb at y/s = 200 GeV and 10 fb 
at y/s = 500 GeV, for Ayi = 0.05 and various masses of the scalar supersymmetric 
particles [18]. 



1.4 Fermion Pair Production Via ft p 

The single production involves only one fl p coupling so that the corresponding rate 
is proportional to the Yukawa coupling squared. This is in contrast to $ p contributions 
(via additional sparticle exchange) to Standard Model processes which are suppressed in 
proportion to the square of the Yukawa coupling squared. 

• One dominant fl p coupling constant One may first consider the usual case of 
one dominant coupling constant. This hypothesis, which is often made for simplifica- 
tions reasons, has two main justifications. First, the low energy indirect bounds are more 
stringent on the products of the ftp couplings A, A' of A" than on the coupling constants 
separately. For instance, the bounds imposed on the products A' A" by the experimental 
limits on proton decay are severe, and moreover, apply on all the different flavor combina- 
tions of this product. Second, from a theoretical point of view, by analogy with the Higgs 
Yukawa couplings structure, a strong hierarchy can be assumed on the flavor indices of 
the ftp coupling constants. 

Dilepton production The resonant sneutrino i> M or v T production via Am or A131 
respectively followed by a decay through the same coupling constant (i.e. v % — > Ijl^ via 
\jk) would lead to a spectacular signature, namely, an excess of events in the Bhabha 
scattering [14]. For ^u (fiT) = 1 GeV and Ai( 2)3 )i = 0.1, the cross section of the Bhabha 
scattering, including the V(n, T ) sneutrino s-channel exchange and the interference terms, 
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reaches 3 pb at y/s = «^ (mt) = 200 GeV [1, 2, 3]. Due to these great cross sections, 
the values A( 2i3 )n > 0.05 can be ruled out at 95% CL for y/s = ^i> (MT) = 192 GeV with 
C = 500 pb _1 [4]. 

In a scenario where none of the supersymmetric particles can be produced with a 
significant cross section, due to very heavy supersymmetric particles or too weak couplings 
for the lighter ones with the Standard Model particles, the supersymmetric effects could 
only be virtual. In particular, different ]/L p interactions could manifest themselves as 
contact terms in many contributions to Standard Model processes. By calculating the 
deviations of the cross sections values with respect to the Standard Model, bounds can 
be set on the relevant fl p coupling constants values. 

In [1] the analysis of different contributions to Standard Model processes was based 
on the R-parity violation interpretation of the high x, high Q 2 anomalous HERA events. 
Interpreting the HERA events as top squark production A' 131 > 0.05, see Eq.(1.9)), then 
the constraints on the fl p coupling constants products, Ai2iA' 131 < 1.8 10~ 4 , Ai3iA' 131 < 2.0 
10~ 3 and Ai23A' 131 < 2.4 10~ 3 , as imposed by the rare B decays, put strong bounds on some 
of the A couplings which are relevant for leptonic processes : A m < 0.0036, Ai 3 i < 0.04 
and Ai2 3 < 0.048. However, if the HERA data are due to the charm squark production 
(A' 121 > 0.05, see Eq.(1.9)), the rare K decays do not constrain the Ai 3 i and Ai2 3 couplings. 
In the situation where the ft p coupling constant Ai 3 i dominates, the Bhabha scattering 
receives a contribution from the exchange of a v T sneutrino in the s- and t-channels, while 
the t + t~ production can occur via the exchange of a v e sneutrino in the t-channel only. 
For this reason, the impact of the ft p diagram on the Bhabha scattering is higher than 
on the t pair production : At y/s = 192 GeV, for rxiy = 300 GeV and Ai 3 i = 0.1, the 
effects on the cross sections are, ^ S ^sm) V ^ — 1 — 4 10~ 3 and 2 10~ 2 for the r + r" and 
e + e~ productions, respectively [1, 2, 3]. From the study of the fi p contribution to the 
Bhabha scattering, the coupling Ai 3 i could be probed at 95% CL at y/s = 192 GeV with 
C = 500 pb - 1 down to 0.28, 0.57, 0.84 for m„ T = 400 GeV, 700 GeV, 1 TeV, respectively 
[4]. The limit on Ai 3 i from the fits to the cross section and forward-backward asymmetry, 
using data collected by the DELPHI detector during the run of LEP in 1995 (1996) at 
yfs = 130 and 136 GeV (y/s = 161 and 172 GeV) corresponding to a luminosity of order 
6 pb - 1 (20 pb is Aiai < 0.74 for m De = 200 GeV at 95% CL [5] (similar analyses on 
the fi p contributions to the e + e~ — > l + l~ reaction have been performed by the L3 [6] and 
OPAL [7] Collaborations). In case of a dominant coupling Ai 23 , the t-channel u T exchange 
would contribute to t + t~ pair production. Through this contribution, the coupling Ai2 3 
could be probed with a 95% CL at ^ = 192 GeV with C = 500 pb ~ l down to 0.3, 0.5, 0.7 
for = 400 GeV, 700 GeV, 1 TeV, respectively [4]. 

The other ft p coupling constants A relevant for virtual effects in the Standard Model 
processes, e + e~ — > 11, namely, Am, A231, A122, Ai 3 2 and A133, were studied in [4]. Since 
the ftp interactions have a spin structure different from the Standard Model ones, the 
angular distribution for the lepton pair production is a sensitive probe for the existence 
of the former. Hence, it was proposed to divide the experimental angular width into bins, 
and to compare the observed number of events in each bin with the Standard Model 
prediction. The more optimistic results hold for the couplings, A122, A132 and A133, which 
can be probed with a 95% CL at = 192 GeV with C = 500 pb ~ x down to 0.3, 0.5, 0.7 
for vrii, = 400 GeV, 700 GeV, 1 TeV, respectively. Besides, the limit on Am from the fits to 
the cross section and forward-backward asymmetry for the reaction, e + e~ — > using 
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FlG. 5: Exclusion domain in the A' versus mg plane. 



data collected by the DELPHI detector, is A m < 0.55 (A m < 0.68) for m Pe = 100 GeV 
(200 GeV) at a 95% confidence level [5]. 

b) Dijet production One may also think of a single dominant A' ijfc coupling. This 
hypothesis allows ftp contributions to quark pair production through the exchange of a 
squark in the t-channel. For experimental reasons of quark tagging, the fi p contributions 
to, e + e~ — > bb,cc, via, A' lfc3 , A' m , respectively, are the most easier to analyse at LEP 
energies. Among these couplings X' lk3 and X' 12 k, the most stringent constraint, predicted 
from the study of the quark pair production [4], arises for the constant A' 123 which is subject 
to bounds of order, 0.4, 0.67, 0.92, for m s = 400 GeV, 700 GeV, 1 TeV at <Ja = 192 GeV 
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with a 95% confidence level and a luminosity, C = 500 pb -1 . The effects of R-parity 
violation in quark pair production have also been investigated experimentally [8], using 
the 1997 LEP data and the results of [9]. Assuming that the ft p contribution through 
the exchange of a given squark to a given flavour channel is the only source of deviation 
from the Standard Model processes, the limits of Fig. 5 (indicated by " LEP indirect ") 
have been derived. The LEP indirect limit represented in the upper plot of Fig. 5 derives 
from the analysis of the process e + e" — > dd (e + e~ — > ss) occuring through the A' 131 (A' 132 ) 
coupling constant via the exchange of a top-squark in the t-channel. The LEP indirect 
limit in the lower plot of Fig.5 is deduced from the analysis of the process e + e" — > uu 
involving A' 113 and occuring through the exchange of a bottom-squark in the t-channel. 
The negative interference term between the squark exchange and the Standard Model 
amplitudes is maximal for a down type squark [10]. The sensitivity of the measurement 
is therefore reduced for the up squark exchange, as can be observed in Fig.5. Note that 
using bottom, charm or light quarks (u,d,s) tagging, the effects on separate quark flavours 
could also be studied [10]. Besides, if with more data, a rate effect is seen at LEP II in 
ss or bb production, the charge asymmetry will help in confirming the squark exchange 
hypothesis. On Fig.5, the relevant exclusion domain from the HI Collaboration is also 
shown (indicated by " HI (valence d) "), as well as the bands indicated by u,d,s which 
would have been relevant for the so called HERA anomaly found in 1997. These u,d,s 
bands are respectively associated with the three interpretations of the HERA anomalous 
events, 

e + u -> s R , b R (X' ll2 , A' 113 ), (1.8) 
e + d -> c L , tt(A' 121 , A' 131 ), (1.9) 

e + s -> c L , *l(A' 122 , A' 132 ). (1.10) 

In particular, we observe on Fig.5 that the experimental results on the search for the 
indirect effects of R-parity violation in quark pair production at LEP completely exclude 
the HERA interpretation of Eq.(1.8) via A' 113 . 

• One dominant product of Tfl v coupling constants 
a) Dilepton production Another interesting hypothesis consist in considering that two 
lepton number violating A^ Yukawa couplings are much larger than all the others, where 
both ftp couplings violate one and the same lepton flavour. In this scenario, low energy 
experiments are not restrictive and typically allow for couplings, A < 0.1(m/200 GeV) 
[1]. In case where the couplings A131 and A232 are simultaneously different of zero, the 
process e + e~ — > receives an additional contribution from s-channel u T exchange. At 

y/s = 192 GeV, for = 300 GeV and A131 = A 2 3 2 = 0.1, the effects on the cross sections 
and on the forward-backward asymmetries are, ^~7^jfy~^ ~ 1 — 1-5 10~ 3 , and, Afb(SM+ 
RPV)-A fb (SM) = 9 10~ 4 [1, 2, 3]. The 95% CL limit on A = A m = A 232 resulting from 
the fits on cross section and forward-backward asymmetry based on the 1995 (y/s = 130 
and 136 GeV) and 1996 (y/s = 161 and 172 GeV) LEP data, has been obtained in [5]. 
The best limits on A are obtained for, m y/s, but the radiative return process gives 
a significant sensitivity between those points. For, vrty T = 130, 136, 161, 172 GeV, one get 
limits, respectively, of order, A < 0.035, 0.03, 0.03, 0.02, assuming a tau-sneutrino width of 
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1 GeV. Now, if the couplings Ai 2 i and A323 do not vanish, the s-channel exchange of a 
sneutrino contributes to the r + r~ pair production. The 95% CL limit on A = A121 = A323 
[5] resulting from the fits of the <r(e + e _ — > v — > t + t~) cross section based on the 1995 
and 1996 LEP data are of the same order of the limits on A = A131 = A 2 32- 

b) Dijet production Finally, we can concentrate on the case where one of the do- 
minant fi p coupling constants is a A^ while the other is a A^- fc . In such a scenario, a 
Vi sneutrino which is produced at the resonance, could decay via X' i j k into two down 
squarks, qj eft.. Since the A 3jfe are the less constrained constants, the resonant i> T produc- 
tion (via A131) is the most promising. The v T sneutrino can decay via A333 into b quarks, 
which can be tagged experimentally with a rather good efficiency The effective luminosity 
required to discover an excess of bb events at 5a confidence level at LEPII, assuming a tag- 
ging efficiency of 40%, is 1.1 pb _1 / GeV, 0.43 pb _1 / GeV for = 110 GeV, 145 GeV, 
A131 = 0.01,0.005 and A 333 = 1.0 , 0.1, respectively [11]. Assuming that the v T sneutrino 
decays into bb, the limit on A131 at 95% CL can be derived from the experimental mea- 
surement of the b quark pair production, using the LEP data at y/s = 161 GeV and 
= 172 GeV [8]. A most interesting window for the sneutrino resonance exists near 
the Z boson pole. The sneutrino resonance could still be observable since then it would 
increase the branching ratio Rb{Z° — > bb) and reduce the b quark forward-backward asym- 
metry A FB {b). The resonant v T sneutrino could also decay into a pair of down quarks, 
dd, through the coupling A' 311 . Since the angular distribution of the d and J jets is nearly 
isotropic on the sneutrino resonance, the strong forward-backward asymmetry in the Stan- 
dard Model continuum, A FB {b) ~ 0.65 at y/s = 200 GeV, is reduced to « 0.03 on top of 
the sneutrino resonance [12]. If the total cross section a(e + e~ — * hadrons) can be mea- 
sured with an accuracy of about 1% at y/s = 184(192) GeV, the Yukawa couplings can 
be bounded to (\i3i\' 311 ) 1/2 < 0.072(0.045) for a 200 GeV tau-sneutrino mass [12]. This 
limit is estimated for energies much below the resonance, \y/s — mc, T \ « Tc T , and is thus 
independent of the sneutrino width. 

As a conclusion, the analysis at leptonic colliders of the ft p contributions to Standard 
Model processes lead to bounds on the lepton number violating coupling constants which 
are not as stringent as the low energy limits. 

1.5 Single Production in e — 7 Collisions 

The charged and neutral sleptons can also be singly produced at leptonic colliders in 
the lepton-photon collisions, e ±f y — > l^v, l^v, where the photon is an on shell photon radia- 
ted by one of the colliding leptons. Those productions, which were considered in [27], allow 
to study the $ p couplings, A 122, A123, A132, A133, A231, which are not involved in the single 
productions from e + e~ reactions. The slepton or sneutrino production occurs via the ex- 
change of a charged lepton in the s-channel, and a charged slepton or lepton, respectively, 
in the t-channel. Therefore, since the t-channel is dominant and mj >> mi, the slepton 
production is about two order of magnitude less than the sneutrino production, which 
is, a(e + e- -> fyer) = 30 fb (300 fb ) at y/s~ = 192 GeV (500 GeV), for m 0j = 150 GeV 
and Aji3 = 0.05. The produced sneutrino can either decay directly via A into 2 leptons, 
or indirectly via lighter neutralinos and charginos ( e.g. v — > h>x° ) leading respectively 
to either 4/ or 4/ + Ifi final states. Those various signatures were simulated together with 
the associated Standard Model backgrounds in order to apply some kinematic cuts. The 
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FlG. 6: Single squark production in electron-photon collisions. 

indirect decay of the sneutrino via A122 leads to the signal with the higher sensitivity, 
allowing to probe the coupling constant A i2 2 down to the values 0.025, 0.04, 0.065 at a 
5o- discovery level with an energy y^s = 192 GeV and a luminosity C = 100 pb " 1 for 
m„ = 100 GeV, 125 GeV, 150 GeV, respectively. 

The single production of a squark is also possible in the cy interactions, as shown in 
Fig. 6, through A' couplings. Assuming a squark LSP, the produced squark will have a 
direct decay via A' into a lepton plus a quark, so that the final state topologies will be 
energetic mono-jet with one well isolated energetic electron and eventually a low energy jet 
in the forward region of the detector, in case where the initial electron which scatters the 
quasi real photon escapes the detection. These events have been searched experimentally 
[8], using the 1997 LEP data at y/s = 161 GeV and y/s = 172 GeV, and since no evidence 
have been found for the single squark production, an exclusion domain has been deduced 
in the plane A' vs. rriq as shown in Fig.5 (indicated by " DELPHI single "). The difference 
between the two exclusion plots is explained by the fact that the only possible fl p stop 
decay via A' is, t — > ed, while for the sbottom, the charged lepton channel branching ratio 
is, B(b -> eu) « 50%. 

1.6 ftp Contributions to Flavour Changing Neutral Currents 

In the Standard Model, the flavor changing effects are exceedingly small [28, 29, 30]. 
In particular, it is useful to recall that the flavor changing neutral current effects arise 
through loop diagrams only. For instance, the typical structure of the one loop diagram 
for the Z boson and quarks pair vertex Zqjqj', is, J2i Vij^w f ( m "i / m "z) y where V^- are 
the elements of the CKM matrix and are the masses of the quarks involved in the 
loop. This schematic formula shows explicitly how the CKM matrix unitarity, along with 
the quarks masses degeneracies relative to the Z° boson mass scale (valid for all quarks 
with the exception of the top quark) strongly suppress the flavor changing neutral current 
effects. Although flavor changing effects are expected to attain observable levels in several 
extensions of the Standard Model, the contributions from the MSSM are bounded by 
postulating either a degeneracy of the soft Supersymmetry breaking scalars masses or an 
alignment of the fermion and scalar superpartners mass matrices. Those constraints are 
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imposed by some low-energy experimental bounds. Early calculations of the Z° boson 
flavor changing decay rates, Z — > qjqj', through triangle diagrams involving squarks and 
gluinos, found small results compared to that of the Standard Model [31, 32]. Therefore, 
the flavor changing effects offer the opportunity to probe physics beyond the MSSM. The 
fi p interaction, because of its non trivial flavour structure, opens up the possibility of 
observable flavor changing effects at the tree level. 

• Fermion pair production The fermion pair production is a relatively simple and 
well known reaction and hence offers the opportunity of testing new physics. Besides, the 
leptonic colliders provide a clean environment to study flavor changing physics. These 
considerations have motivated the study of the fl p contributions to the flavor changing 
neutral current reactions, l + l~ — > fjfj<, with J ^ J' [36]. These ft p processes occur at the 
tree level through the exchange of a supersymmetric scalar particle in the s- or t-channel, 
and at one loop level at the Z° boson pole. Both fermion and scalar particles are running 
in the triangle loop diagram. Considering simple assumptions on the scalars masses and 
for the flavour structures of the ft p coupling constants, the lepton number violating 
interactions contributions to the Z-boson flavour off-diagonal decays branching ratios, 
Bjj, = B(Z -> Ijlj,), scale approximately as Bjj> « (^) 4 ( 100 ^ f' b 10 ~ 9 > where ™ 
represents a supersymmetric particle mass. At energies well above the Z-boson pole, the 
Bavor changing rates, a„ = <W - JjIJ), are of order, „ (^(i"^"^ - 
10) fb , and slowly decrease with the cm. energy. Note that the corresponding results 
for quarks pair production have an extra color factor, N c = 3. Besides, the rates are 
evidently greatly enhanced at the resonance of the sneutrino, which is exchanged in the 
s-channel. As a conclusion, due to the strong sensitivity on the l/l v couplings and on the 
supersymmetric particles masses, the flavor changing rates are comparable to the flavor 
changing rates calculated in the framework of the Standard Model. Indeed, for the down- 
quark-antiquark case, for instance, the Z° decays branching fractions were estimated at the 
values, 10~ 7 for (bs+sb), 1CT 9 for (bd+db) and 1CT 11 for (ds+sd). Nevertheless, at energies 
well above the Z° mass, the flavor changing rates are high enough to be observable with the 
luminosities expected at the Next Linear Colliders [24]. Finally, the current experimental 
limits on the flavour non-diagonal leptonic branching ratios [39], Bjji < [1.7, 9.8, 17.] 10~ 6 , 
for the family couples J. J 1 = [12, 23, 13], constrain the coupling constants products to 
be XijjX-jj, < [0.46,1.1,1.4] and \'j jk \'j> jk < [0.38,0.91,1.2] KT 1 , for the same flavour 
configurations J J' = [12,23,13], under the hypothesis of a pair of dominant coupling 
constants and if m — 100 GeV. These bounds, which are not competitive with the low 
energy limits, should be improved in the context of the physics at linear colliders. 

• Single top quark production Of special interest is the case of single top quark 
production, l + l~ — > tc, ic [33, 34, 35, 36, 37]. The contribution from the Standard Model 
to the single top quark production [28, 29, 30] proceeds at one loop level through the 
exchange in the s-channel of either an off shell Z-boson or photon. It is particularly 
reduced since, unlike bs production for example, it does not get a large contribution from 
heavy fermion in the loop. Since the MSSM contribution has been shown to be small 
compared to the Standard Model one [31, 32], an excess of events in the single top quark 
production would probe the existence of new physics beyond the minimal supersymmetric 
standard model. Furthermore, the single top production offers the opportunity to learn 
about flavor changing neutral current effects in the up-type quarks sector, since as we 
will see in Section2.4, the top quark offers some extremely clean signatures, with a rather 
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Fig. 7: Cross section of the reaction e + e~ — ► tc + £c as a function of the center of mass 
energy for A' m A' 13fc = 0.01. The solid line corresponds to = lOOGeV and the dashed 
line to mi = 150GeV. 



energetic lepton, some missing energy and a b jet which can be tagged with a good 
efficiency 

The reaction e + e~ — > tc + ic occurs via the exchange of a dkR squark in the t-channel 
through the ftp couplings A' 12fc and A' 13fc . In Fig. 7 [34] the cross section of this process is 
shown as a function of the center of mass energy for a value of A' m A' 13A . equal to 0.01 which 
is the order of magnitude of the low-energy constraint on this product of couplings for 
m; = WOGeV. 

Since the top quark mainly decays as t — > bW, the reaction e + e~ — ► tc leads to the 
interesting final state bclv if the IF-boson decays leptonically. This signature has the 
Standard Model background e + e _ — > W + W~ bclv. Nevertheless, this background can 
be suppressed by some kinematical cuts [35]. For instance, an effective cut can be based 
on the fact that the c quark produced in the reaction e + e~ — > tc has a fixed energy which 
is given by E(c) = (s + m\ — m 2 c )/2y/s. Hence, the study of the final state bclv would 
allow to probe values of the product A' m A' 13fc down to ~ 0.1 for m^ kR = ITeV at linear 
colliders with a center of mass energy of \/s = 500GeV and a luminosity of £ = 100/6 -1 
[35]. 

The reaction e + e —> tc + tc receives also contributions at one loop level from the A" 
interactions [36, 34]. These contributions exchange a squark in the loop and involve the 
A^-fc and A^ coupling constants. In Fig. 8 [34] the rate of the sum of these contributions 
is shown as a function of the center of mass energy for a value of the involved product of 

couplings A223A323 equal to its low-energy limit for m? = lOOGeV^ namely 0.625. The 
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Fig. 8: Cross section of the reaction e + e 



tc + tc as a function of the center of mass 



energy for A223A323 = 0.625. The solid line corresponds to = lOOGeV and the dashed 



line torn 



150GeV. 



motivation for considering the product A223A323 is that it has the less stringent low-energy 
constraint among the A^A^ products. 

The tc/tc production at leptonic colliders can also occur at one loop level via photon- 
photon reactions as e + e~ — > 77 — > tc + ic. These reactions involve the products of 
|? p couplings A^ 2 fcA^ 3fc when In sleptons or dkR squarks are exchanged in the loop and the 
products X'2jk^3jk when dn squarks run in the loop. In Fig. 9 (Fig. 10) [37] the rate of the 
reaction e + e~ — > 77 — > tc + tc is shown as a function of the center of mass energy for a 
value of the involved product of fi p couplings A323A333 (A223A323) equal to its low-energy 
bound for Trif— lOOGeV^ namely 0.096 (0.625). The motivation for choosing the product 
•^323^333 (A223A323) is that it has the less stringent low-energy constraint among the A^A'^ 
(KjkKjk) products. 

By comparing Fig. 7 and Fig. 9, we observe that the cross section of the reaction e + e~ — > 
tc + tc via A' interactions is typically one order of magnitude larger than the rate of the 
process e + e~ — > 77 — > tc + tc via the same interactions. This is due to the fact that in 
the case of the A' interactions, the reaction e + e _ — > tc + ic occurs at tree level while the 
process e + e~ — > 77 — > tc + tc occurs only at one loop level. In contrast, it turns out 
by comparing Fig.8 and Fig. 10 that the A" couplings give similar effects in the reactions 
e + e~ — > tc + ic and e + e~ — > 77 — > tc + ic. Therefore, a combination of the results from 
the e + e~ and 77 collisions would allow to distinguish between the A' and A" effects on 
the tc/ic production. 

Finally, the reaction fi + {i~ — > tc/tc occurs via the exchange of a dkR squark in the 
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Fig. 9: Cross section of the reaction e + e~ — > 77 — > tc + tc as a function of the center of 
mass energy for A323A333 = 0.096. The solid line corresponds to mj. L = rn^ kR = lOOGeV 
and the dashed line to m,~ = m? = 150GeV. 



t-channel through the ftp couplings A' 22fc and X' 23k . In Fig. 11 [34] the rate of this process 
is shown as a function of the center of mass energy for a value of the involved product of 
ftp couplings A 223 A 2 33 equal to its low-energy limit for mj = lOOGeV^ namely 0.065. The 
motivation for considering the product A 223 A 23 3 is that it has the less stringent low-energy 
constraint among the A 22fc A 23A , products. 

• Sfermion pair production In a version of the MSSM without degeneracies in 
the sleptons mass spectra, flavor changing effects can be induced in the supersymmetric 
particle pair production, which should be investigated with high precision measurement 
in the Next Linear Colliders [24]. The ftp interactions could also generate such effects, 
through the exchange of a neutrino in the t-channel, in one of the much studied reaction : 
the slepton pair production, e + e~ — ► Ijlj, (J 7^ J'). The flavour non-diagonal rates 
vary in the range, ctjj/ ~ (^) 4 (2 — 20) fb [38], with A = A, A', for sleptons masses, 
rrij < 400 GeV, as one spans the interval of cm. energies from the Z boson pole up to 
the TeV. Due to the strong dependence on the ft v couplings, the flavour non-diagonal 
rates reach smaller values than the rates obtained in the flavours oscillation approach [40], 
which range between 250(100) and 0.1(0.01) fb for ^fs = 190(500) GeV. 

1.7 ftp Contributions to CP Violation 

The CP violation effects provide also some effective tests for new physics, since the 
contributions to the CP asymmetries in the Standard Model are small. It is the case, 
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for example, of the vector bosons (Z and/or W boson) decay rates CP-odd asymmetries 
[41, 42, 43]. On the other hand, in most proposals of physics beyond the Standard Model, 
the prospects for observing flavor changing effects in CP rate asymmetries are on the op- 
timistic side. The MSSM contributions to CP violation are constrained from experimental 
bounds on low energy physics. 

The R-parity odd coupling constants could have a complex phase and hence be by 
themselves an independent source of CP violation. This idea has motivated many studies 
on low energy physics. Furthermore, even if one assumes that the R-parity odd inter- 
actions are CP conserving, these could still lead, in combination with the other possible 
source of complex phase in the MSSM to new tests of CP Violation. For instance, the 
couplings could bring a dependence on the CKM matrix elements due to the fermion 
mass matrix transformation from current basis to mass basis. 

The effects of $ p interactions on the CP asymmetries in the processes, — > fjfj>, 
with J ^ J', were calculated in [36]. The fi p contributions to these CP asymmetries, are 
controlled by interference terms between tree and loop level amplitudes. The consideration 
of loop amplitudes was restricted to the photon and Z-boson vertex corrections. The 
flavour off-diagonal CP asymmetries defined, at the Z-boson pole, as 

B j ii — B ji j , 
A JJ' = p | p i 1-11) 

lie approximately at, Ajjr w (10 _1 — I0~ 3 )sinip, where ip is the CP odd phase. The off 
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Fig. 11: Cross section of the reaction — > tc + tc as a function of the center of mass 
energy for A223A233 = 0.065. The solid line corresponds to rn^ kR = lOOGeV and the dashed 
line to mi = lbOGeV. 



Z-boson pole asymmetries given by, 

Ajj> = ajJ, " aj,J , (1.12) 

lie at, Ajji ph (10~ 2 — 1O~ 3 )sw0, for leptons and quarks, irrespective of whether one 
deals with light or heavy flavours. The CP asymmetries depend on a ratio of different 
ftp coupling constants, and are therefore less sensitive to these couplings than the flavour 
changing rates, which involve higher power of the ft p constants. This is the reason why 
the results are optimistic with respect to the CP asymmetries for the Z decays in the 
Standard Model, which are, Ajji = [10 -5 , 10 -3 , lO'^sinScKM, &ckm being the CP odd 
phase from the CKM matrix, for the production of (bs + sb), (bd + db) and (ds + sd), 
respectively [41, 42]. The particular rational dependence of the CP asymmetries on the 
couplings is of the form, im(AA*AA*)/A 4 , and may thus lead to strong enhancement or 
suppression factors, depending on the largely unknown flavour hierarchical structure of 
the involved Yukawa couplings. 

The study of the reaction — > tc allows to learn about CP violation in the quark 
sector, due to the clear signature of the top quark : t — > bW — > blv. In this reaction, the 
CP violation can be probed through the quantity defined in Eq.(1.12) or via the following 
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flavour off-diagonal CP asymmetry [35], 



d<j+ da 

^=if^& (i-i3) 

dEi dEi 

where a + = a{l + l~ — > tc — > fecfz/), <r~ = a{l + l~ — > ic — > 6dP) and £j is the energy of the 
produced charged lepton. The values of the CP asymmetries defined in Eq.(1.13) range 
typically in the interval A « (KT 2 - 1(T 3 ) sin^ for OGeV < £7, < 300Ge\/ [35]. These CP 
asymmetries, as those defined in Eq.(1.12), could be enhanced up to ~ 10 _1 sin^ should 
the fi p coupling constants exhibit large hierarchies with respect to the generations. 

If both non-degeneracies and mixing angles between all slepton flavours, as well as 
the CP odd phase, do not vanish, CP violation asymmetries could also be observable in 
supersymmetric particles pair production. The R-parity odd interactions could provide 
an alternative mechanism for explaining CP violation asymmetries in such productions, 
through possible ip CP odd phase incorporated in the relevant dimensionless coupling 
constant. As for the fermion pair production, the ft p contributions to the CP asymmetries 
in scalar particles pair production are controlled by interference terms between tree and 
loop level amplitudes. The flavour non-diagonal CP asymmetries for the slepton pair 
production, e + e~ — > ljl*j, (J ^ J'), which are defined as in Eq.(1.12), are predicted to be 
of order, Aj. r « (KT 2 - 10- 3 )sinip [38]. 

Finally, the ft p interactions could give rise to CP violation effects at tree level in 
the reaction e + e _ — > t + t~ via the observation of the double spin correlations for the 
produced tau-leptons pair. This possibility, which was studied in [44], stands out as an 
extremely interesting issue by itself, since previous studies of CP violating effects in, 
e + e~ — > t + t~, that can emanate from multi-Higgs doublet model, leptoquark, Majorana 
v and supersymmetry, all occur at one loop level. Here, the CP asymmetries are generated 
from the exchange of a resonant sneutrino in the s-channel, via the real coupling Am 
and a complex constant A323, if there is a z> M — mixing. This sneutrino mixing could 
generate both CP-even and CP-odd spin asymmetries which are forbidden in the Standard 
Model and that could be measured for r leptons at leptonic colliders. The observation 
of such asymmetries would provide explicit information about three different aspects 
of new physics : — mixing, CP violation and R-parity violation. The sneutrino- 
antisneutrino mixing phenomena, which have been gaining some interest recently [45, 46, 
47], is interesting since it is closely related to the generation of neutrino masses [45, 46]. 
At a centre of mass energy, ^fs = 192 GeV, it is remarkable that the maximum value 
of these spin asymmetries can reach 75% for Am^ = and 10% for Am^ = r^/lO, 
where Am^ is the mass splitting between the CP even z>^ and CP odd muon-sneutrino 
mass eigenstates and is the sneutrino width. Note that the condition Am^ < 
is necessary since then, if T^m = 10~ 2 m^, which is a viable estimation that has been 
assumed in the present study, the constraint, Am^/m^ << 1, imposed by bounds 
on neutrino masses [46], is well respected. Furthermore, in the case, Am^ < T^, the 
two ul and z>^ resonances will overlap and distinguishing between them becomes a non 
trivial experimental task. Thus, the polarization asymmetries provide a feasible alternative 
for establishing the mass splitting, 7^ m/. Assuming £ = 0.5 fb _1 as the total 
integrated luminosity for LEPII at ^/s = 192 GeV and setting, A121 = 0.05, | A323 1 = 0.06, 
the CP even and CP odd asymmetries may be detectable, under the best circumstances, 
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around the resonance region 189.5 GeV < < 194 GeV with a sensitivity of 3a for 
Am^M = T^m/4. The polarization asymmetries depend on the relative values of the real 
part, a, and the imaginary part, b, of the complex coupling constant A323. With the 
simultaneous measurement of the CP conserving and CP violating asymmetries, the whole 
range, < ^ < 1, can be covered to at least 3a for Am f ^ = Y^/A and = 
y/s = 192 GeV. At the Next Linear Colliders, with an energy oi y/s = 500 GeV, the CP 
asymmetries could be probed to at least 3a (best effects are at the 20<r level) for the range 
490 GeV < < 510 GeV and for Am f , = r>/5. Also, with Am^ = 1 GeV, the NLC 
will have a sensitivity above 3a over almost the entire range, < -^r < 1. 



2 Singly Produced Sparticles at Hadronic Colliders 

2.1 Resonant Production of Sparticles 

The SUSY particles can be produced as resonances at hadronic colliders through the 
interactions. This is particularly attractive as hadronic colliders allow to probe for 
resonances over a wide mass range given the continuous energy distribution of the colliding 
partons. If a single $ p -violating coupling is dominant, the resonant SUSY particle may 
decay through the same coupling involved in its production, giving a two quarks final 
state at the partonic level. However, it is also possible that the decay of the resonant 
SUSY particle is mainly due to gauge interactions, giving rise to a cascade decay. 

• Resonant production via A' First, a resonant sneutrino can be produced in dd 
annihilations through the constant \'^ k . The associated formula can be written as follows 
[64]: 

a ( dk d Xl X 2 ) = ~ ^"f^ 2 r2 , (2.1) 

where r dfc( j , and Tf are the partial width of the channels, u l — > d k dj, and, v l — > X ± X 2 , 
respectively, Y^i is the total width of the sneutrino, is the sneutrino mass and s is the 
square of the parton center of mass energy. The factor 1/3 in front is from matching the 
initial colors, and r dfc( j is given by, 

3 

V d k d j = - A u K .m oi , (2.2) 

where oty ijk = X'^/An. To compute the rate at a pp collider, the usual formalism of the 
parton model of hadrons can be used [65] : 



a{pp _> pi _ Xl X 2 ) = ]T f 1 s a{d k d, X ± X 2 ), (2.3) 

J t r s dr 



where s is the center of mass energy squared, r is given by r = (M Xl + M X2 ) 2 / s and 
t is defined by r = s/s = x±x 2 , x±,x 2 denoting the longitudinal momentum fractions of 
the initial partons j and k, respectively. The quantity dLj k /dr is the parton luminosity 
defined by, 

dJ df = I! ^tfMfiW*) + fiWfU?M\> ( 2 - 4 ) 
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where the parton distribution fj(xi) denotes the probability of finding a parton j with 
momentum fraction X\ inside a hadron h, and generally depends on the Bjorken variable, 
Q 2 , the square of the characteristic energy scale of the process under consideration. The 
parton distributions are measured experimentally at a given scale, and are evolved to the 
very large momentum scales of interest, via the Altarelli-Parisi equations. In order to see 
the effects of the parton distributions on the resonant sneutrino production, some values 
of the rates are given in the following [49] : For instance, with an initial state, dd, for 
the hard process, the cross section value is, a(pp — > P) = 8.5 nanobarns, for a sneutrino 
mass of 100 GeV and a coupling, X' iU = 1, at y/s = 2 TeV. For identical values of the 
parameters and of the cm. energy, the cross section is a{pp — ^ z>*) = 4 nanobarns with 
an initial state, ds, and a{pp — > v l ) = 0.8 nanobarns with an initial state, db. 

The charged slepton can also be produced as a resonance at hadronic colliders from 
an initial state Ujd k and via the constant X' i j k . The cross section value is, cr(pp — > l l L ) — 2 
nanobarns, for = 100 GeV, y/s = 2 TeV and X' in = 1 ([49, 12]). 

• Resonant production via A" The baryon number violating couplings X" jk allows 
for resonant production of squarks at hadronic colliders. Either a squark U; L or d k can be 
produced at the resonance from an initial state, djd k or Uidj, respectively. For = 
100 GeV, y/s = 2 TeV and X'[ lk = 1, the rate of the down squark production at the 
Tevatron is a(pp — > d^) = 25 nanobarns [49]. For = 600 GeV, y/s = 2 TeV and 
A323 = 0.1, the rate of the resonant stop production is a(pp — > ti) = 10~ 3 picobarns [69]. 
Note that this rate is higher than the stop pair production rate at the same cm. energy 
and for the same stop mass, which is of order cr(pp — > Mi) = 10~ 6 picobarns. 

2.2 Single Gaugino Production 

• Single production via A" The single superpartner production could also occur as a 
2 — > 2-body process, through an fi p coupling A" and an ordinary gauge interaction vertex. 
In baryon number violating models, any gaugino (including gluino) can be produced in 
association with a quark, in quark-quark scattering, by the exchange of a squark in the 
s-, t- or -u-channel. 

For example, let us consider the photino and gluino production [49] : The rate values 
in the t- and w-channel are, a{pp — > 79) = 2 10~ 2 nb , and, a{pp — > gq) = 3 10 _1 nb , 
for, rriq = rrig = = 100 GeV, y/s = 2 TeV and X" u = 1. The photino or gluino 
which is produced will then decay into three jets via the A" coupling, resulting in a four 
jets final state. The corresponding QCD background is strong : It is estimated to be 
about 10 nb for y/s = 2 TeV [68]. Of course, the ratio signal over background can be 
enhanced considerably by looking at the mass distribution of the jets : the QCD 4 jets are 
produced relatively uncorrelated, while the trijet mass distribution of the signal should 
peak around the gaugino mass. However, frequently one of the three jets will be too soft 
to be measured and at other times jet coalescence would occur, especially for small values 
of the gaugino mass. The study of this example bring us to the conclusion that, due to 
high QCD background, the analysis of the single production via A" remains a challenge. 

Nevertheless, there is one case of interest, were the final state could be particularly 
clear [69, 92] : A xl chargino can be produced through the resonant production of a 
top squark, djd k — > t\ — > bxi (via A^), and then decay into the lightest neutralino 
plus leptons as xt ~^ h^iXv Due to the stop resonance, this reaction could reach high 
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rate values. The cascade decay demands the mass hierarchy, > m x + > m x o, to be 
respected, and by consequence is not allowed in all regions of the Supergravity parameter 
space. If we made the hypothesis that Xi is the LSP and undergo an fi p decay outside of 
the detector, the neutralino should then be treated as a stable particle. Then, the signal 
for our process would be very clear since it would consist of a tagged b quark jet, a lepton 
and missing transverse energy. The Standard Model background for such a signature 
comes from the the single top quark production, via W g fusion, and the production 
of a W gauge boson in association with bb, cc or a jet that is mistaken for a b quark. 
Applying some cuts in order to simulate the acceptance of the detector and to reduce the 
background, it has been found that values of A" > 0.03 — 0.2 and A" > 0.01 — 0.03 can 
be excluded at the 95% confidence level for, 180 GeV < m~ tl < 285 GeV, at the Run I of 
the Tevatron (yfe = 1.8 TeV and J Cdt = 110 pb _1 ) and for, 180 < m~ tl < 325 GeV, at 
the Run II of the Tevatron {^/s = 2 TeV and J Cdt = 2 fb respectively. This result 
is based on the leading-order CTEQ-4L parton distribution functions [70] and holds for 
the normalization, A" = X'^ 12 = X 313 = X 323 , and for the point of a minimal Supergravity 
model, mi/2 = 150 GeV, A = —300 GeV and tan/3 = 4. The constraints obtained on A" 
are stronger than the present low energy bounds. 

• Single production via A' The single production of SUSY particles via A' occuring 
through 2 — > 2-body processes, offers the opportunity to study the parameter space of 
the ftp models with a quite high sensitivity at hadronic colliders. 

In Fig. 12, we present all the single superpartner productions which occur via A^- fc 
through 2 — > 2-body processes at hadronic colliders and receive a contribution from a 
resonant SUSY particle production [74]. The spin summed amplitudes of those reactions 
including the higgsino contributions have been calculated in [74] . In a SUGRA model, the 
rates of the reactions presented in Fig. 12 depend mainly on the m and M 2 parameters. 

In Fig. 13, we show the variations of the a{pp — > Xi^Z-O cross sections with m for 
fixed values of M 2 , \i and tan (5 and various ft p couplings of the type A 2jfe at Tevatron Run 
II in a SUGRA model [74]. The Tfl v couplings giving the highest cross sections have been 
considered. The a{pp — > xt,2^~) rates decrease when m increases since then the sneutrino 
becomes heavier and more energetic initial partons are required in order to produce the 
resonant sneutrino. A decrease of the cross sections also occurs at small values of m , 
the reason being that when itlq approaches M 2 the v mass is getting closer to the X s1 
masses so that the phase space factors associated to the decays — > xf 2 /U T decrease. 
The differences between the xff^~ production rates occuring via the various A' 2jfc couplings 
are explained by the different partonic luminosities. Indeed, as shown in Fig. 12 the hard 
process associated to the xf^ production occuring through the \' 2 - k coupling constant 
has a partonic initial state (jjqk- The xil 1 ^ production via the A' 211 coupling has first 
generation quarks in the initial state which provide the maximum partonic luminosity. 

In Fig. 14, we show the variations of the rates of the reactions pp — > Xi u i PP Xi^f 1 ' 
and pp — > Xi u w ith the m parameter in a SUGRA model [74]. We see in this figure 
that the single neutralino productions do not decrease at small m values in contrast 
with the single chargino productions (see also Fig. 13). This is due to the fact that in 
SUGRA scenarios the Xi and II (II — if,, &l) masses are never close enough to induce a 
significant decrease of the phase space factor associated to the decay II — > Xi^ — ^ u )- 
By analysing Fig. 13 and Fig. 14, we also remark that the x v (xV ) production rate is 
larger than the x + A*~ (x 0z/ ) production rate. The explanation is that in pp collisions the 
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FlG. 12: Feynman diagrams for the four single superpartner production reactions involving 
X' i j k at hadronic colliders which receive a contribution from a resonant supersymmetric 
particle production. The A^- fe coupling constant is symbolised by a small circle and the 
arrows denote the flow of the particle momentum. 



initial states of the resonant charged slepton production Ujdk,Ujdk have higher partonic 
luminosities than the initial states of the resonant sneutrino production djdk, djdk- 

The neutralino production in association with a charged lepton via A' (see Fig. 12(d)) 
is an interesting case at Tevatron [49]. The topology of the events consists of an isolated 
lepton in one hemisphere balanced by a lepton plus two jets in the other hemisphere, 
coming from the neutralino decay via A'. The Standard Model background arising from 
the production of two jets plus a Z°, decaying into two leptons, has a cross section of order 
10~ 3 nb [65], and can be greatly reduced by excluding lepton pairs with an invariant mass 
equal to the Z° mass. The other source of Standard Model background, which is the Drell- 
Yan mechanism into 2 leptons accompanied by 2 jets, is suppressed by a factor, 10~ 6 /o;a. 
Moreover, the signal can be enhanced by looking at the invariant mass of the 2 jets and 
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Fig. 13: Cross sections (mpb) of the single chargino productions pp — > xf,2^ as a function 
of the m parameter (in GeV). The center of mass energy is taken at y/s = 2TeV and 
the considered set of parameters is : A' 211 = 0.09, M 2 = 200GeV, tan/3 = 1.5 and fi = 
— 200GeV. The rates for the xf production via the fi p couplings A' 212 = 0.09, A' 221 = 0.18 
and A' 231 = 0.22 are also given. The chosen values of the couplings correspond to the 
low-energy limits for a squark mass of lOOGeV [75]. 



the lepton in the same hemisphere, which should peak around the neutralino mass. 

The single production via A' of the neutralino together with a charged lepton can also 
generate clean signatures free from large Standard Model background at the Tevatron Run 
II, containing two like-sign charged leptons [13, 71, 92, 72, 73, 74]. As a matter of fact, 
the neutralino has a decay channel into a lepton and two jets through the coupling \'^ k 
and due to its Majorana nature, the neutralino decays to the charge conjugate final states 
with equal probability : T(x° ~^ hujdk) = — * hujdk). Therefore, the lepton coming 
from the production can have the same sign than the one coming from the neutralino 
decay. Since A' m has a strong indirect bound, it is interesting to consider the coupling 
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FlG. 14: Cross sections (in pb) of the xi v -, x\^~ an d x\ v productions at Tevatron Run 
II as a function of the m parameter (in GeV). The center of mass energy is taken at 
= 2TeV and the considered set of parameters is : A' 211 = 0.09, M 2 = 200Ge^, 
tan = 1.5 and fi = -200GeV. 



constant A' 211 , which corresponds to the dimuons production with an initial state ud or ud 
(see Fig. 12(d)) composed of first generation quarks. The analysis of the like sign ditaus 
signature generated by the x° T± production through the A' 311 coupling (see Fig. 12(d)) 
suffers a reduction of the cuts efficiency due to the tau-lepton decay. Besides, the study 
of the Xif^ production via A 211 in a scenario where the %° is the LSP is particularly 
attractive since then the Xi can only undergo ft p decays. It was found that in a SUGRA 
model, such a study could probe values of the A' 211 coupling at the 5<r discovery level 
down to 2 10 -3 (10 -2 ) for a muon-slepton mass of m^ L = lOOGeV [jn^ h = 300GeV) 
with M 2 = lOOGeV, 2 < tan/? < 10 and < 10 3 GeV at Tevatron Run II assuming 
a luminosity of £ = 2/V 1 [71, 92], and down to 2 10~ 3 (10~ 2 ) for m-^ = 223GeV 
( m - L = 5A0GeV) with m 1/2 = 300GeV, A = 300GeV, tan/? = 2 and sign(fi) > at the 
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Tab. 1: Sensitivities on the X' 2jk coupling constants for tan/3=1.5, Mi = 100 GeV, M 2 = 
200 GeV, n = -500 GeV, m~ q = m~ x = 300 GeV and m p = 400 GeV, assuming an 
integrated luminosity of C = 30/6 -1 . 

LHC assuming a luminosity of C = 10/5" 1 [72, 73]. It was also shown in [74], by using 
a detector response simulation, that the study of the single LSP production at Tevatron 
Run II pp — > XiA A± would allow to probe mi/2 values up to ~ 850GeV and m values up 
to ~ 550GeV at the 5cr discovery level, in a SUGRA scenario where sign(fj,) < 0, A = 0, 
tan/5 = 1.5 and A' 211 = 0.05 and assuming a luminosity of C = 2/6~ 1 . 

Besides, the like sign dilepton signature analysis based on the Xi^ production (see 
Fig. 12(d)) allows the x? an d /if mass reconstructions since the decay chain jlf; — > XiA* ± 5 
Xi — > fi^ud can be fully reconstructed [74]. Based on the like sign dilepton signature 
analysis, the Xi (fit) m ass could be measured with a statistical error of ~ HGeV (~ 
20GeV) at the Tevatron Run II [74]. 

The single Xi production in association with a charged lepton (see Fig. 12(a)) is ano- 
ther interesting reaction at hadronic colliders. In a scenario where Xi is the LSP and 
m^m^m^ > rn^±, this single production receives a contribution from the resonant sneu- 
trino production and the singly produced chargino decays into quarks and leptons with 
branching ratios respectively of B(xf — > Xid P u p ') « 70% (p = l,2,3;p' = 1,2) and 
B(xt ~ * Xi^p u p) ~ 30% due to the color factor. The neutralino decays via A^- fe either 
into a lepton as, Xi ~ * k u jd>k, hujdk, or into a neutrino as, Xi ~ * ^idjdk, ^idjdk- Hence, if 
both the Xi an d X? decay into charged leptons, the xflf production can lead to the three 
charged leptons signature which has a small Standard Model background at hadronic col- 
liders [76, 77, 73, 78, 74]. The study of the three leptons signature generated by the Xi 
production via the A' 211 coupling constant is particularly interesting for the same reasons 
as above. The sensitivity on the A' 211 coupling obtained from this study at Tevatron Run 
II would reach a maximum value of ~ 0.04 for m m 200GeV in a SUGRA model with 
M 2 = 200GeV, sign(fi) < 0, A = and tan/5 = 1.5, assuming a luminosity of £ = 2fb _1 
[74]. In Table 1 we show the sensitivities on the X' 2jk couplings that could be obtained 
from the trilepton analysis based on the xf^ production at the LHC for a given set 
of MSSM parameters [78]. For each of the \' 2 j k couplings the sensitivity has been obtai- 
ned assuming that the considered coupling was the single dominant one. The difference 
between the various results presented in this table is due to the fact that each \' 2 - k cou- 
pling involves a specific initial state (see Fig. 12(a)) with its own parton density. Besides, 
all the sensitivities shown in Table 1 improve greatly the present low-energy constraints. 
The trilepton analysis based on the xf e T (xf rT ) production would allow to test the A' ljfc 
( A 3jk) couplings constants. While the sensitivities obtained on the A' ljfc couplings are ex- 
pected to be of the same order of those presented in Table 1, the sensitivities on the A' 3jfc 
couplings should be weaker due to the tau-lepton decay. The results presented in Table 
1 illustrate the fact that even if some studies on the single superpartner production via 
A' at hadronic colliders (see Fig. 12) only concern the A' 211 coupling constant, the analysis 
of a given single superpartner production at Tevatron or LHC allows to probe many A^- fe 
coupling constants down to values smaller than the associated low-energy limits. 
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Besides, the three leptons final state study based on the Xif^ production (see Fig. 12 (a)) 
allows to reconstruct the xi an d v masses [76, 77, 73, 78, 74]. Indeed, the decay chain 
vi — > xflfi Xi ~ > Xilp u pi Xi ~^ lf u jdk can be fully reconstructed since the produced 
charged leptons can be identified thanks to their flavours and signs. Based on the trilep- 
ton signature analysis, the Xi mass could be measured with a statistical error of ~ 9GeV 
at the Tevatron Run II [76, 74] and of ~ lOOMeV at the LHC [77, 73, 78]. Furthermore, 
the width of the gaussian shape of the invariant mass distribution associated to the xi ip) 
mass is of ~ QGeV (~ lOGeV) at the LHC for the MSSM point defined by M 1 = 75GeV, 
M 2 = l50GeV, fj, = -200GeV, m f ~ = 300GeV and A = [77, 73, 78]. 
Let us make a general remark concerning the superpartner mass reconstructions based 
on the single superpartner production studies at hadronic colliders : The combinatorial 
background associated to these mass reconstructions is smaller than in the mass recons- 
tructions analyses based on the supersymmetric particle pair production since in the single 
superpartner production studies only one cascade decay must be reconstructed. 

2.3 Non Resonant Single Production 

At hadronic colliders, some supersymmetric particles can also be singly produced 
through 2 — > 2-body processes which generally do not receive contribution from resonant 
superpartner production [74] : Some single productions of squark (slepton) in association 
with a gauge boson can occur through the exchange of a quark in the t-channel or a squark 
(slepton) in the s-channel via A" (A'). From an initial state g q, a squark (slepton) can 
also be singly produced together with a quark (lepton) with a coupling constant A" (A') 
via the exchange of a quark or a squark in the ^-channel, and of a quark in the s-channel. 
Finally, a gluino can be produced in association with a lepton (quark) through a coupling 
constant A' (A") via the exchange of a squark in the t-channel (and in the s-channel). 

Let us enumerate the single scalar particle and gluino productions occuring via the 
2 — > 2-body processes which involve the A^- fc coupling constants [74] (one must also add 
the charge conjugate processes) : 

- The gluino production Ujdk — > gk via the exchange of a ujl (dkii) squark in the t 
(u) channel. 

- The squark production djg — > d* kR Ui via the exchange of a d^R squark (dj quark) in 
the t (s) channel. 

- The squark production Ujg — > d* kR h via the exchange of a d^R squark (uj quark) in 
the t (s) channel. 

- The squark production dug — > djL^i via the exchange of a djL squark (dk quark) in 
the t (s) channel. 

- The squark production dug — > UjLh via the exchange of a Ujl squark (dk quark) in 
the t (s) channel. 

- The sneutrino production djdk — > Zi> iL via the exchange of a d k or dj quark (u iL 
sneutrino) in the t (s) channel. 

- The charged slepton production Ujdk — > Zl iL via the exchange of a d k or uj quark 
(Ul slepton) in the t (s) channel. 

- The sneutrino production Ujd k — > W~v iL via the exchange of a dj quark (l iL sneu- 
trino) in the t (s) channel. 
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- The charged slepton production djd k — > W + liL via the exchange of a Uj quark {u iL 
sneutrino) in the t (s) channel. 

Among these single productions only the Ujdk — > W~u.il and djdk — > W + Ul reactions 
could receive a contribution from a resonant sparticle production. However, in most of 
the SUSY models, as for example the supergravity or the gauge mediated models, the mass 
difference between the Left charged slepton and the Left sneutrino is due to the D-terms 
so that it is fixed by the relation m~± — rri~ L = cos 2(3 [48] and thus it does not exceed 

the W /± -boson mass. We note that in the scenarios of large tan (3 values, a scalar particle 
of the third generation produced as a resonance can generally decay into the H^-boson 
due to the large mixing in the third family sfermions sector. For instance, in the SUGRA 
model with a large tan (3 a tau-sneutrino produced as a resonance in dyij — > u T through 
X' 3jk can decay as v T — > W ± ff , being the lightest stau. 

Similarly, the single scalar particle and gluino productions occuring via the 2 — > 2- 
body processes which involve the A'/ jfc coupling constants cannot receive a contribution 
from a resonant scalar particle production for low tan (3. Indeed, the only reactions among 
these 2^2 — body processes which could receive such a contribution are of the type 
qq — > q — > qW . In this type of reaction, the squark produced in the s channel, is produced 
via \"j k and is thus either a Right squark (Jr, which does not couple to the W /± -boson, or 
the squarks tip, bip. 

Therefore, the single scalar particle and gluino productions occuring via the 2^2- 
body processes are generally non resonant single superpartner productions, as we have 
already mentioned at the begining of this section. These non resonant single superpartner 
productions have typically smaller cross sections than the reactions receiving a contri- 
bution from a resonant superpartner production. For instance, with rriq = 250GeV, the 
cross section a(pp — > ul(i>) is of order ~ 10~ 3 pb at a center of mass energy of y/s = 2TeV, 
assuming an coupling of A' 211 = 0.09 [74]. However, the non resonant single produc- 
tions could lead to interesting signatures. For instance, the production, qq — > fW leads 
to the final state 21 + 2j + W for a non vanishing ft p coupling constant A' and to the 
signature 4j + W for a A" [13]. Furthermore, the non resonant single productions are 
interesting as their cross section involves few SUSY parameters, namely only one or two 
scalar superpartner(s) mass(es) and one $ p coupling constant. 

2.4 Fermion Pair Production Via ftp 

• Dijet production R-parity violating reactions at hadronic colliders can induce 
some contributions to Standard Model processes. First, the jets pair production receives 
contributions from reactions involving either A' or A" coupling constants. As a matter of 
fact, a pair of quarks can be produced through the A" couplings with an initial state ud 
or ud (dd or dd) by the exchange of a d (u) squark in the s-channel, and also with an 
initial state uu or dd {ud or ud) by the exchange of a u or d (d) squark in the t channel. In 
case where the s-channel exchanged particle is produced on shell, the resonant diagram 
is of course dominant with respect to the t-channel diagram. The dijet channel can also 
be generated via the A' couplings from an initial state ud, ud or dd through the exchange 
of a I or v slepton, respectively, in the s-channel. 

If the dominant mechanism for either the slepton or the squark decay was into two jets, 
the resonant production of such a scalar particle would result in a bump in the two-jet 
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invariant mass plot [14, 49], which would be a very clean signature. 
However the dijet production through ]fi p coupling constants will be hard to study at LHC 
where QCD backgrounds are expected to be severe for searches for narrow resonances 
which are not strongly produced [13, 50]. Similarly, at the Tevatron, for both the DO 
and CDF detectors, the resonant production of the stau f, for example, would lead to 
observable peak in the dijet invariant mass distribution only for relatively high values of 
the #p couplings, namely, 0,001 < \' 3U \' 3jk B 2j < 0,01 and 300 GeV < m f < 1200 GeV, 
with an integrated luminosity of 30 fb _1 during the Run II [51]. In these notations, B 2 j is 
the dijet branching ratio and rrif the stau mass. The study of X' 311 is particularly interesting 
here since this coupling involves an initial state, for the hard subprocess, composed by 
first generation quarks which are valence quarks. Besides, the low energy constraint is less 
stringent for A' 311 than for A' m and A' 211 . In conclusion, due to strong QCD background, 
the dijet production is not the best framework to test the A' and A" coupling constants 
at hadronic colliders. 

• Dilepton production Similarly, some reactions involving both A' and A coupling 
constants can mimic the Drell-Yan signatures. In the Standard Model the charged lepton 
pair production occurs through the neutral current channel. In ft p models, it can occur 
trough the exchange of d squark in the t-channel with an initial state uu, and also via the 
exchange of u squark in the t channel or a v sneutrino in the s-channel with an initial 
state dd. The charged current channel receives also an contribution : there are two 
Feynman graphs with a lepton plus a neutrino in the final state and an initial state ud 
or ud : One exchanges a d squark in the t-channel while the other exchanges a / charged 
slepton in the s-channel. The influence on cross sections of the t-channels on the resonant 
ones is quite small if the indirect bounds are satisfied. 

The resonant production of a sneutrino could lead to a spectacular signature : A bump 
in the dilepton invariant mass can be observed for an important branching ratio of the 
decay, v — > 11 [49]. 

Motivated by the weak low-energy constraints on the ft p coupling constants containing 
flavor index from the third generation, the search reach in the resonant v T tau-sneutrino 
(neutral current) and f stau (charged current) production channels have been obtained 
in [51], for both the Tevatron and LHC colliders, in the plane M versus X, where M is 
the scalar mass and X = X' 31l X 3 jkBi, B\ being the leptonic branching ratio. Not only is 
it important to notice the very large slepton mass reach (of order 800 GeV at the Run II 
Tevatron and 4 TeV at the LHC) for sizeable values of X 10~ 3 ), but also the small X 
[X = lO^ 5-8 - 1 ) reach for relatively small slepton masses (of order the hundred of GeV). 
The search reach is greater in the charged current channel due to the higher parton lumi- 
nosities. This analysis is easily extended to the first and second generation of slepton as 
well. 

Since the charged lepton pair production provides a very clear signature, its contribu- 
tions, from the resonant production of a sneutrino, have been treated in more details in 
the literature. One may first consider the contribution to e + e~ production. The couplings 
product A 311 A3n is of particular interest here. This choice of couplings is motivated by an 
initial state with high parton luminosity, dd, and by the fact that among the couplings 
\' iU and Aju, A' 311 and A311 have the lowest low-energy bounds. In this framework, existing 
Tevatron data [52] from the CDF detector on the e + e~ production have been exploited 
in [12] to derive bounds on the product A 311 A 311 . In this study, the cross sections for the 
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fl p diagrams, in the s- and t-channel, contributing to e + e~ production are computed, but 
only the resonant sneutrino production is taken into account. The CTEQ-3L parameteri- 
zation [53] is used together with the multiplicative K factor calculated for the higher QCD 
corrections to Drell-Yan pair production [52] . Since the corresponding K factor for slepton 
production has not been determined yet, the couplings A' A are theoretically uncertain at 
a level of about 10%, which is tolerable at a first stage of the analysis. Assuming the 
sneutrino contribution to be smaller than the experimental error of the data points in the 
e + e~ invariant mass distribution, the Yukawa couplings can be estimated to be, 

(A^nAsn) 172 < 0.08 , (2.5) 

for sneutrino masses in the range 120 — 250 GeV, where T^ T denotes the sneutrino width 
in units of GeV. 

For the fi p contributions via resonant sneutrino production to the two last families lepton 
pair production, a different approach, based on the total cross section study, has been 
adopted in [54]. The motivation, which holds mainly for the r + r~ production, is the 
following : It is experimentally easier to determine the production rate above some values 
of the dilepton invariant mass than to reconstruct the dilepton invariant mass itself. In 
[54] , the production case was studied in details. By combining the low energy limits 

on individuals ft p couplings with the limits which exist on products AA', we are left 
with only two relevant coupling constants products, namely, A232A' 311 and A232A322, 
if we neglect the contributions from the annihilation of the sea quarks, bb. The la-limit 
contours plot in the plane, A232A' 311 versus A232A322, has been obtained for the reaction, 
pp — > + X. For example, the attainable la-limits are —0.003 < A 2 32A 311 < 0.003 

and —0.011 < A232A322 < 0.011, for a r sneutrino mass of 200 GeV, at energy y/s = 2 TeV 
with a total integrated luminosity £ = 2 fb _1 appropriate for the Tevatron Run II. We 
observe that due to larger valence d quark probability functions, a significant improvement 
over the present limits may be obtained for the fi p product A232A' 311 . Note also that the 
cross sections were calculated applying an upper cut on the /i + ji~ system invariant mass 
of = 500 GeV and a lower cut of M~ + ^_ = 150 GeV. This lower cut practically 

removes the s-channel Z resonance contribution. 

In conclusion, dilepton production clearly offers a unique way to explore the R-parity 
violating parameter space : AA' versus the slepton mass. 

Finally, if such a resonance were observed, how could we distinguish between a scalar 
or a new gauge boson resonance? This point is treated in [51] : In the case of neutral 
current, one immediate difference would be the observation of the very unusual ev final 
states, which would be a truly remarkable signature for R-parity violation. A universality 
violation, namely, a substantially different rate for the e + e~ and the fj, + fj,~ final states, 
would also eliminate the possibility of a resonant Z' boson. If such differences would have 
not been observed, the measurement of the forward-backward asymmetry (Afb) could 
discriminate between a scalar resonance, which produces a null asymmetry, and a boson 
resonance, which lead to Aps 7^ due to parity violating fermionic couplings. A more 
complex situation arises when Z' naturally has A FB = 0. In such a case, the complete 
angular distribution analysis would be conclusive as to the identity of the resonance. Of 
course, the required statistics for these measurements results in a significant loss in the 
mass reach : For example, for a fixed value of X (same notation as above), if the Tevatron 
were able to discover a sneutrino with a mass of 700 GeV, the value of Afb could only be 
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FlG. 15: Allowed regions in the plane of X' i3k and the mass of the left slepton in a lepton number-violating 
scenario. Solid (dashed) lines correspond to the 2-a bounds from the CDF (DO) collaborations. 



extracted for mp = 500 GeV, and the angular distribution for rriy = 400 GeV. In the case 
of charge current, one interesting possibility is to examine the leptonic charge asymmetry 
for the electrons and muons in the final state, which is defined as : 



A( V ) 



dN + /d7] - dN_/dr] 
dN+/dr) + dN_/dr)' 



(2.6) 



where N± are the number of positively/negatively charged leptons of a given rapidity, 
rj. The presence of the slepton tends to drive the asymmetry to smaller absolute values 
as might be expected in the Standard Model, while the deviation due to either type 
of W substantially increases the magnitude of the asymmetry. The minimum value of 
the product A A' for which the asymmetry differs significantly from the Standard Model 
expectation at the Tevatron (y/s = 2 TeV) is 0.1, for a luminosity of 2 fb -1 , assuming 
mi = 750 GeV and Y l jm l = 0, 004. 

• Top quark physics The large mass of the top quark, m top , entails a top lifetime 
, T~to-p = [1-56 GeVm top /180 GeV) 3 ] -1 , sufficiently shorter than the typical QCD hadro- 
nization time so that decay occurs before fragmentation. The top decays mainly into a 
bottom quark in association with a W gauge boson, which can have a leptonic decay 
channel, W — > lis, with a branching ratio of 2/9. Therefore, the top quark production 
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FlG. 16: Allowed regions in the plane of X'^ ki and the mass of the right d-squark in a baryon number- 
violating scenario. Solid (dashed) lines correspond to the 2-a bounds from the CDF (DO) collaborations. 



offers some very clean signatures, with a rather energetic lepton, some missing energy 
and a b jet which can be tagged with a good efficiency This particular behavior of the 
top quark, together with the fact that the low energy constraints on A' and A" couplings 
involving third-generation fields are not very stringent, has motivated numerous studies 
on the top physics. 

a) Top quark pair production The top quark pair production could receive a 
contribution from diagrams with an initial state, dkdk, and exchanging either a l l L slepton 
(via A^ 3fc ) or a d l R squark (via A^) in the t-channel (see Fig. 17). Those amplitudes have 
been calculated in [55], with the CTEQ-3M parton distributions [53] and folding by the 
K factor which is extracted from the resummed QCD cross sections [56] in the qq anni- 
hilation channel. The region of the supersymmetric parameter space allowed at a 95% 
confidence level by the DO and CDF data [57] on tt production cross section have also 
been obtained in [55], and are shown in Fig. 15 in the plane, A^ 31 /mp , and in Fig. 16 in the 
plane, A^/ra^ . For squark masses smaller than the top mass, the bounds on the A 31i are 

weakened considerably because the decay channel, t — > ddn, opens up, and this tends to 
dilute the signal from the Standard Model decay mode. Simultaneously, the opening up of 
the decay channel, t — * dli, does not affect the bounds on the A^ 31 quite as much, because 
the relevant branching ratio is suppressed by a smaller colour factor. The colour factors 
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Fig. 17: Feynman diagrams for the L-violating process old — > t^L via the A' coupling and 
for the B-violating process dd — > t R t R due to the coupling A". 

that appear in the R p ti productions also explain why the A^ 31 are more constrained than 
the \'^ u . Nevertheless, the bounds obtained on X^ u are comparable to the indirect limits, 
for rriq = 100 GeV. Note that since these interactions are chiral, they induce polarization 
of the final state. Polarization can be a useful observable for probing the R p couplings 
[58]. At the LHC energy, while the gluon initiated contribution is much larger, the usual 
annihilation process in QCD is further suppressed because it is an s-channel process. The 
t-channel R p subprocess does not suffer this suppression and those effects, while smaller 
than the corresponding effects at the TeVatron, are still sizeable. 

b) Single top quark production Single top quark production is of special impor- 
tance in the context of fermion pair production. In contrast to the QCD process of tt 
production, the single top quark production, ud — > tb, involves only the electroweak in- 
teractions and can therefore be used to probe the electroweak theory and to study models 
of new physics. The single top quark production can also come from the H^-gluon fusion. 
Since the structure functions are better known for the quarks than for the gluons, the cross 
section accuracy is higher for the single top quark production through the exchange of a 
W gauge boson than for the H^-gluon fusion. Hence the process, ud — > tb, is a better test 
for new physics than the H^-gluon fusion. The feasibility of single top quark production 
via squark and slepton exchanges to probe several combinations of R parity violating cou- 
plings at hadron colliders has been studied in [59, 60, 61, 62]. According to those studies, 
the LHC is better at probing the B violating couplings A" whereas the Tevatron and the 
LHC have a similar sensitivity to A' couplings. The number of signal events depends on 
the mass and width of the exchanged sparticle, and on the value of the Yukawa couplings. 
The width of the exchanged sparticle is a sum of the widths due to -R-parity conserving 
and .R-parity violating decays : 

rtot = T Rp + T fip (2.7) 
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where T ^ is given by 

for the squarks, and by 
for the sleptons. 

We consider at first a quark-antiquark initial parton state which is of relevance at the 
Tevatron as in this case both particles can be valence quarks in the initial state and may 
have therefore a considerably higher cross section in pp collisions. Quark-quark initial 
parton states are examined later on in connection with LHC studies. It has been shown 
[59] that the signal for ud — > tb is potentially observable at the Tevatron with 2 — 3 fb _1 
integrated luminosity, although at the LHC it will be relatively suppressed by the sea 
structure functions and overwhelmed by the large background from tt production plus 
H^-gluon fusion. 

The single top quark production, Ujdk tb, can occur through the exchange of a l l L slep- 
ton in the s-channel via the couplings product, A^- fc A^ 33 . Using a CTEQ-3L [53] parton 
distribution, summing over the flavor index % (the sleptons l l L sleptons are supposed dege- 
nerate in mass) and taking for the values of the ft p coupling constants the values of the 
indirect bounds, the ratio of the resonant slepton contribution cross section over the Stan- 
dard Model cross section was found [60] to exceed 20% at the upgraded Tevatron when 
slepton mass lies in the narrow range, 200 GeV — 270 GeV, and M 2 = —fj, > 200 GeV. 
This large slepton mass suppression of the ratio can be understood as follows : When 
the slepton mass is large, the parton cross section contribution coming from the slepton 
resonant production requires large momenta from the initial partons, which is suppressed 
by their structure functions. An additional suppression is caused by the increase of the 
slepton width when the slepton mass increases. Note also that the ratio increases with 
the increase of the supersymmetric parameters M 2 and /i, since then the neutralino and 
chargino masses increase and thus the width of the slepton decreases. The dominant pro- 
cess, ud — > l l L — > tb, which involves the sum of couplings, A' m A' 133 + A' 211 A2 33 + A 311 A 333 , 
was considered in [61]. An interesting signature for this process is an energetic charged 
lepton, missing Et and double b-quark jets. Using a series of kinematic cuts in order 
to reduce the Standard Model background and to consider the detector acceptance, the 
values of the slepton mass versus the couplings to be observable at 95% confidence level 
were calculated. The result shows that for values of the couplings below the low energy 
bounds, the slepton mass can only be probed in the range, 200 GeV < mp < 340 GeV, 
for the upgraded TeVatron and in the interval, 200 GeV < mp < 400 GeV, for the LHC. 
Although larger parton momenta are favored at the LHC, the result is not really improved 
at LHC because of the relative suppression of the d quark structure function compared 
to the d quark one. The difference between the results based on the two sets of structure 
functions, MRSA' [63] and CTEQ-3M [53], has been found to be small. 
The single top quark production, Uidj — > tb, receives also a contribution from the ex- 
change of a d k R squark in the t-channel, through the product of couplings A" 3fc A 3fc . Since 



2tt 



(2.8) 



u j d k ) = 



3(AU) 2 (^I-^ 



ijk 

16tt 



Mi 



(2.9) 



167 



the non-observation of proton decay imposes very stringent conditions on the simulta- 
neous presence of A' and A", only their separate effects in single top quark production are 
interesting to study. Choosing the initial state of the reaction, Uidj — > tb, fix the flavor 
indices of the coupling constants product A^A^ because of the antisymmetry of the 
constants A". Due to either too strong low energy constraints on the couplings or too low 
parton luminosities, the only product of interest is A'^A^. If we assume an observable 
level of, Aa/o"o > 20%, where Aa is the ft p cross section and a is the Standard Model 
cross section, the coupling A'^A^ can be probed at the upgraded Tevatron down to 
0.01, 0.02, 0.03, 0.04, 0.06, 0.08, 0.1 and 0.13 for M- SR = 100, 200, 300, 400, 500, 600, 700 and 
800 GeV, respectively [60]. 

Another interesting single top quark production is the reaction, u^dj — > tb, which can 
occur through the exchange of a d k R squark in the s channel via the couplings product 
Kjk^33k- Although the corresponding events can have the unique signal of an energetic 
charged lepton, missing transverse eneregy and two same sign b quarks, since the tagging 
can not distinguish a b quark from a b quark, the background is quite as important as 
that of the reaction, Uidj — > tb. Quark-quark initial parton states may be valence contri- 
butions from the structure functions at a pp collider as the LHC Note however that the 
strong indirect bound on X" 12 makes very small the valence-valence ud contribution to the 
cross section. An example of cross sections that are obtained from different initial parton 
states at the LHC is given in table 2. Using some effective kinematical cuts, the sensibility 



Initial partons 


cd 


CS 


ub 


cb 


Exchanged particle 


s 


d 


s 


d 


s 


Couplings 


A 212 A 332 


A 212 A 331 


A 132 A 332 


A 231 A 331 


A 232 A 332 


Cross section in pb 


3.98 


1.45 


5.01 


0.659 



Tab. 2: Cross section in pb of the reaction Uidj — > d k R ^ tb at LHC for a squark of mass 
of 600 GeV assuming T Rp = 0.5 GeV and \'{ jk = 0.1. 

plot at 95% confidence level has been obtained in the plane A^A^ versus rris R in [61] : 
The coupling product A^A^ can be probed up to 0.5,0.1 and 1.5 for m 5iJ = 700,800 
and lOOOGeV at the upgraded Tevatron, and for m~ SR = 2100, 2700 and 3100Ge\/ at the 
LHC, respectively. The sensitivity on the squark mass is quite higher at the LHC than at 
the Tevatron. Note that the process, cs — > d R — > tb, cannot be probed as efficiently as, 
cd — > sr — > tb, because of the relative suppression of the strange quark structure function 
compared to the valence down quark. As illustrated in Fig. 18, the study of [62] on the 
reaction u^j — > tb at LHC, which was performed at an higher degree of precison in the 
simulation process than in [61], has lead to weaker sensitivities on the A^A^ product of 
coupling constants than the analysis of [61]. 

The reaction Ujdk — ■> tb receives also a contribution from the exchange of a lf L slepton in 
the u channel, via the A^- 3 and X' m couplings [62]. 

The single top quark production at hadronic colliders via couplings offers the oppor- 
tunity to reconstruct supersymmetric particle masses. For instance, the invariant mass 
distribution associated to the the two b quarks, the charged lepton and the reconstructed 
neutrino produced in the reaction ub — > s — > tb — > Wbb — > Ivbb, occuring via the couplings 
A^ and A^, allows to reconstruct the s mass. The error on this mass reconstruction per- 
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FlG. 18: Sensitivity limits on the A^A^ Yukawa couplings obtained from the analysis of 
the reaction cd — > s* — > tb at the LHC after 1 year with low luminosity for m s = 300 GeV, 
found in [62] (circles) and in [61] (triangles). The squares indicate the results obtained in 
[62] by applying the simplified cuts used in [61]. 



formed from the events observed in the ATLAS detector at LHC would be dominated by 
the 1% systematic uncertainty on the jet energy scale in ATLAS, for = 600GeV, 
A132A332 = 10 2 an d assuming a luminosity of C = 30 fb^ 1 [62]. 

To conclude, the top quark physics is more favorable to the tests on the A" than on 
the A' couplings. Furthermore, it is the only framework in which the constraints on A" 
from physics at colliders are comparable or better than the low energy bounds on the A" 
coupling constants. 

2.5 ftp Contributions to Flavour Changing Neutral Currents 

As for the leptonic colliders physics, the fo p interactions could induce flavor changing 
neutral current effects at hadronic colliders in reactions as simple as the lepton pair pro- 
duction, qq — > Ijlji (J 7^ J'). Nevertheless, the environment is not as clean as for the 
leptonic colliders and these flavor changing neutral current effects are less easily obser- 
vable. Those flavor changing lepton productions occur from an initial state djd k (d^d^) 
through the exchange of a v l L sneutrino ( u J L squark) in the s-channel (t-channel) via the 
couplings product X'^Xijj' (Aj jfe Aj/ jfe ), or, from an initial state UjUj through the exchange 
of a d k R squark in the t-channel via the couplings product X'jj k X'j^ k . 
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2.6 ftp Contributions to CP violation 

The resonant production of a sneutrino gives rise to the possibility of having CP 
violation effects at tree level, which are therefore quite important. This was treated in 
[54] for hadronic colliders in analogy with the case of leptonic colliders [44], which was 
exposed above (Section 1.6). If the r spins could be measured, the future Tevatron runs will 
be capable of detecting CP violation effects in the polarization asymmetries of the hard 
process, djdk — > — > t + t~. The ftp coupling constant \' 2 j k which enters this subprocess 
is chosen real, while A233 is taken complex in order to generate CP asymmetries. The 
spin asymmetries study at hadronic colliders must be treated with special care. In fact, 
the spin asymmetries change sign around y/s ~ . Since in hadronic collisions one 
has to integrate over yfs, the spin asymmetries are reduced. To compensate this effect, 
one has to integrate the absolute values of the polarization asymmetries. Of course this 
demands a study, in a previous stage, of the t + t~ invariant mass distribution, which is 
needed to determine the sneutrino mass. The maximum of the spin asymmetries 
reach 20 — 30% with a mass splitting Am^ = and 10 — 13% for Am^ = 
throughout the mass range 150 GeV < < 450 GeV. At the Tevatron Run II (III) 
with £ = 2 fb _1 (30 fb _1 ) the CP conserving and CP violating asymmetries may be 
detected with a sensitivity above 3<x over the mass range 155 GeV < < 400 GeV 
(155 GeV < < 300 GeV) if Am^ = /10). Finally, the entire range 

of r (see CP violation in Section 1.7) can be practically covered for = 200 GeV 
at the Tevatron Run II (III) with at least 3er standard deviations, for Am^ = IV 
(Am^ii = IV/4). Those computations have been performed taking for \' 2 j k and | A233 1 the 
values of the low energy bounds, applying an upper cut on the t + t~ system invariant 
mass of M^ +T _ = 500 GeV and a lower cut of M~ +T _ = 150 GeV and including all j, k 
combinations in djdk fusion. The results show that, contrary to the leptonic colliders 
framework [44], the CP odd and CP even spin asymmetries could be observed over a wide 
z> M sneutrino mass range, of about 300 GeV. 
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Abstract 



We consider the single chargino production at Tevatron pp — > v; L — > Xi If as induced 
by the resonant sneutrino production via a dominant R-parity violating coupling of type 
X'^LiQjDl. Within a supergravity model, we study the three leptons final state. The com- 
parison with the expected background demonstrate that this signature allows to extend 
the sensitivity on the super symmetric mass spectrum beyond the present LEP limits and 
to probe the relevant R-parity violating coupling down to values one order of magnitude 
smaller than the most stringent low energy indirect bounds. The trilepton signal offers 
also the opportunity to reconstruct the neutralino mass in a model independent way with 
good accuracy. 
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In the minimal supersymmetric standard model (MSSM), the supersymmetric (SUSY) 
particles must be produced in pairs. In contrast, the single superpartner production which 
benefits from a larger phase space is allowed in the R-parity violating ) extension of the 
MSSM. In particular the SUSY particle resonant production can reach high cross-sections 
either at leptonic [1] or hadronic colliders [2] , even taking into account the strongest low- 
energy bounds on ft p coupling constants [3]. Hadronic colliders provide an additional 
advantage in that they allow to probe a wide mass range of the new resonant particle, 
due to the continuous energy distribution of the colliding partons. Furthermore, since the 
resonant production has a cross-section which is proportional to the relevant coupling 
squared, this could allow an easier determination of the coupling than pair production 
reaction. Indeed in the latter case, the sensitivity on the coupling is mainly provided 
by the displaced vertex analysis for the Lightest Supersymmetric Particle (LSP) decay, 
which is difficult experimentally especially at hadronic colliders. 

The SUSY particle produced at the resonance mainly decays through R-parity conser- 
ving interactions into the LSP, via cascade decays. In the case of a dominant X'l jk U^DjDl 
coupling, the decay of the LSP leads to multi-jets final states, wich have an high QCD 
background at hadronic colliders. Besides, at hadronic colliders, the X^kLiLjE^ couplings 
do not contribute to resonant production. In this letter, we thus assume a dominant 
X'i^LiQjDl coupling which initiates the resonant sneutrino production djdk — > V{ and 
hence the single chargino production at Tevatron through pp — > Vi — * xflf- We fo- 
cus on the three leptons signature associated with the cascade decay Xi ~^ Xilp u pi 
Xi — > Ifujdk + c.c, assuming the Xi to be the LSP. The main motivation rests on 
the possibility to reduce the background. This is similar in spirit to a recent study [4] of 
the like sign dilepton signature from the single neutralino production at Tevatron via the 
resonant charged slepton production. 

We concentrate on the A' 211 coupling. The associated hard scattering processes, dd — > 

— > xffi T , dd — > xfl^ an d uu — > xffi T (see Fig.l), involve first generation quarks for 
the initial partons. The indirect constraint on this coupling is A 211 < 0.09(m/100GeU) [3]. 
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Fig. 1: Feynman diagrams for the single chargino production at Tevatron via the X' i j k 
coupling (symbolised by a circle in the figure). The arrows denote flow of the particle 
momentum. 
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While A' m is disfavored due to severe constraints [3], the case of a dominant X' 311 could 
also be of interest. 

Our framework is the so-called minimal supergravity model (mSUGRA), in which 
the absolute value of the Higgsino mixing parameter is determined by the radiative 
electroweak symmetry breaking condition. We restrict to the infrared fixed point region 
for the top quark Yukawa coupling, in which tan/? is fixed [5]. We shall present results for 
the low solution tan/5 ~ 1.5 and for sign(fi) = —1, A = 0. In fact the cross-section for the 
single chargino production depends smoothly on the fi, A and tan f3 parameters. The cross- 
section can reach values of order a few picobarns. For instance, choosing the mSUGRA 
point, M 2 {m z ) = 200GeU, m = 200GeU, and taking A' 211 = 0.09 we find using CTEQ4 
[6] parametrization for the parton densities a cross-section of a(pp — > X\^ T ) — l-45pfe at 
a center of mass energy ^Js = 2TeV. Choosing other parametrizations does not change 
significantly the results since mainly intermediate Bjorken x partons are involved in the 
studied process. The cross-section depends mainly on the m 1 / 2 (or equivalently M 2 ) and 
m soft SUSY breaking parameters. As M 2 increases, the chargino mass increases reducing 
the single chargino production rate. At high values of mo, the sneutrino mass is enhanced 
so that the resonant sneutrino production is reduced. This leads to a decrease of the single 
chargino production rate since the t and u channels contributions are small compared to 
the resonant sneutrino contribution. Finally, for values of mo (which is related to m ) 
approaching m-± (which is related to M 2 ), a reduction of the chargino production is 

caused by the decrease of the phase space factor associated to the decay — > Xi ^ T ■ 

The single chargino production cross-section must be multiplied by the leptonic decays 
branching fractions which are B(xt ~^ Xi^t u p) = 33% (summed over the three leptons 
species) and B(x\ ~^ (J*ud) = 55%, for the point chosen above of the mSUGRA parameter 
space. The leptonic decay of the chargino is typically of order 30% for m ; ~, rriq, m^o > m-±, 
and is smaller than the hadronic decay Xi ~^ XiQpQp because of the color factor. When Xi 
is the LSP, it decays via A' 211 either as xi ~^ H u d or as X? — ¥ v^dd, with branching ratios 
B(xi — > fJ,ud) ranging between ~ 40% and ~ 70%. 

The backgrounds for the three leptons signature at Tevatron are : (1) The top quark 
pair production followed by the top decays t — > bW where one of the charged leptons 
is generated in 6-quark decay. (2) The W ± Z° and Z°Z° productions followed by lepto- 
nic decays of the gauge bosons. It has been pointed out recently [7, 8] that non negli- 
gible contributions can occur through virtual gauge boson, as for example the W*Z* or 
W'-f* productions. However, these contributions lead at most to one hard jet in the fi- 
nal state in contrast with the signal and have not been simulated. (3) Standard Model 
productions as for instance the Wtt production. These backgrounds have been estima- 
ted in [9] to be negligible at ^J~s = 2TeV. We have checked that the Zb production 
gives a negligible contribution to the 3 leptons signature. (4) The fake backgrounds as, 
pp — > Z + X, Drell — Yan + X, bbb, where X and 6-quarks fake a charged lepton. Monte 
Carlo simulations using simplified detector simulation cannot give a reliable estimate of 
this background. (5) The supersymmetric background generated by the superpartner pair 
production. This background is characterised by two cascade decays ending each with 
the decay of the LSP as Xi ~ ¥ H u d via the A' 211 coupling, and thus is suppressed com- 
pared to the signal due to the additional branching fraction factors. Moreover the SUSY 
background incurs a larger phase space suppression. In particular its main contribution, 
namely the squark and gluino pair productions, is largely suppressed for large q and g 
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masses [10]. Although a detailed estimation has not been performed we expect that this 
background can be further reduced by analysis cuts, since at least four jets are expected 
in the final state and leptons should appear less isolated than in the signal. 

We have simulated the single chargino production pp — > xf^ T with a modified version 
of the SUSYGEN event generator [11] and the Standard Model background (W ± Z°, 
Z° Z° and it productions) with the PYTHIA event generator [12]. Both SUSYGEN and 
PYTHIA have been interfaced with the SHW detector simulation package [13], which 
mimics an average of the CDF and DO Run II detector performance. 

The following cuts aimed at enhancing the signal-to-background ratio have been ap- 
plied. First, we have selected the events with at least three charged leptons (e ± or /r* 1 ) with 
energies greater than IQGeV for the softer of them and 20GeV for the two others, namely, 
Ni > 3 [I = e,fj] with E min (l) > lOGeV, E med {l) > 20GeV and E max (l) > 20GeV. In 
addition, since our final state is 3/ + 2 jets + ]fi we have required that the minimum number 
of jets should be equal to two, where the jets have an energy higher than lOGeV, namely, 
Nj > 2 with Ej > lOGeV. This selection criteria suppresses the background from the 
gauge bosons production which generates at most one hard jet. Note that these events 
requiring high energy charged leptons and jets are easily triggered at Tevatron. In order 
to eliminate poorly isolated leptons originating from the decays of hadrons (as in the ti 
production), we have imposed the isolation cut AR = \/5(f) 2 + 59 2 > 0.4, where is the 
azimuthal angle and 9 the polar angle, between the 3 most energetic charged leptons and 
the 2 hardest jets. We have also demanded that 5(f) > 70° between the leading charged 
lepton and the 2 hardest jets. With the cuts described above and for an integrated lumi- 
nosity of £ = lfb- 1 at y/s = 2TeV for Tevatron Run II, the Z°Z°, W ± Z°, tt productions 
lead to 0.22,0.28, 1.1 events respectively. 

In Fig. 2, we present the 3a and 5a discovery contours and the limits at 95% confidence 
level in the A 211 -mo plane, using a set of values for M 2 and the luminosity. For a given 
value of M 2 , we note that the sensitivity on the A 211 coupling decreases at high and low 
values of m . At high values of m , the sneutrino mass is enhanced inducing a decrease of 
the sneutrino production cross-section. At low values of mo, the sneutrino mass decreases 
leading to a reduction of the phase space factor for the decay i> M — > xf /i T which follows 
the resonant sneutrino production. Similarly, we note the decrease of the sensitivity on 
the A 211 coupling when M 2 increases for a fixed value of m . This is due to the increase 
of the chargino mass which results also in a smaller phase space factor for the sneutrino 
decay. 

In Fig. 3, the discovery potential is shown in the plane m versus mi/ 2 , for different 
values of A' 211 and of luminosity. For the same reasons as above, we observe a reduction 
of the sensitivity on A 211 when m (respectively, mi/ 2 or equivalently M 2 ) increases for a 
fixed value of TOi/ 2 (respectively m ). 

An important improvement with respect to the limits derived recently from LEP data 
[14] can already be obtained within the first year of Run II at Tevatron (£ = lfb^ 1 ). 
Even Run I data could probably lead to new limits on the supersymmetric parameters. 
The strongest bounds on the supersymmetric masses obtained at LEP in an R p model 
with non-vanishing A' Yukawa coupling are m~± > 94GeV, m^o > 30GeV, mj > 81GeV 
[14]. Note that for the minimum values of itlq and mi/ 2 spanned by the parameter space 
described in Fig. 2 and Fig.3, namely m = lOOGeV and M 2 = lOOGeV, the spectrum 
is m~± = UZGeV, = 5AGeV, m 0L = 127GeV, m t = 137GeV, m t = lUGeV, so 
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Fig. 2: Discovery contours at 5a (full line), 3a (dashed line) and limit at 95% C.L. (dotted 
line) presented in the plane A' 211 versus the m parameter, for different values of M 2 and 
of luminosity. 

that we are well above these limits. Since both the scalar and gaugino masses increase 
with m and m^, the parameter space described in these figures lies outside the present 
forbidden range, in the considered framework. 

With the luminosity of C = 30 fb" 1 expected at the end of the Run II, mi/ 2 values up to 
55QGeV {350GeV) corresponding to a chargino mass of about m-± pa 500Gel / (?>WGeV) 
can be probed if the A' 211 coupling is 0.09 (0.03). The sensitivity on mo reaches 600GeV 
(400Gey), which corresponds to a sneutrino mass of about pa 600GeV (450GeV) , for 
a value of the A' 211 coupling equal to 0.09 (0.03). Couplings down to a value of 0.005 can 
also be tested at Tevatron Run II, in the promising scenario where m = 200GeV and 
M 2 = lOOGeV, namely, m-± pa 100GeV and pa 200GeV. 

Let us make a few remarks on the model dependence of our results. First, as we 
have discussed above, the sensitivity reaches depend on the SUSY parameters mainly 
through the supersymmetric mass spectrum. Secondly, in the major part of the mSUGRA 
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Fig. 3: Discovery contours at 5<r (full line), 3<r (dashed line) and limit at 95% C.L. (dotted 
line) presented in the plane m versus m^, for different values of A 211 and of luminosity. 



parameter space, the LSP is the Xi- Besides, in the mSUGRA model, the mass difference 
between xt an d Xi is large enough not to induce a dominant ft p decay for the chargino. 
Notice also that we have chosen the scenario of low tan /3. For high tan /3, due to the slepton 
mixing in the third generation, the f slepton mass can be reduced down to ~ m-± so that 

the branching ratio of the xt decay into tau-leptons xt ~^ X^Jp^r increases and exceeds 
that into e and \i leptons, leading to a decrease of the efficiency after cuts. For example, 
the efficiency at the mSUGRA point m = 200C7e\/, M 2 = 150GeV sign(fi) — -1, A — 0, 
is 4.93% for tan/3 = 1.5 and 1.21% for tan/3 = 50. However, for still decreasing f mass, 
xt — ► Xi T p u T starts to dominate over the hadronic mode so that the efficiency loss is 
compensated by the leptonic decays of the r, and the branching of the xt e an d 
H leptons can even increase up to 34%. For instance, the efficiency for ttiq = 300Ge^, 
M2 = SOOGeV, sign(fi) = —1, A = 0, is 5% for the 2 values tan/3 = 1.5 and tan/3 = 50. 

Another particularly interesting aspect of our signal is the possibility of a Xi neutralino 
mass reconstruction in a model independent way. As a matter of fact, the invariant mass 
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Fig. 4: Distribution for the invariant mass of the 2 jets and the lower energy muon in the 
e\i\i events, for a luminosity of C = The sum of the WZ, ZZ and ti backgrounds is 

in black and the signal is grey. The mSUGRA point taken for this figure is, m = 200GeV, 
M 2 = 150GeV (m^o = 77GeV), and the % coupling is A' 211 = 0.09. 

distribution of the charged lepton and the 2 jets coming from the neutralino decay Xi 
fiud allows to perform a clear neutralino mass reconstruction. The 2 jets found in these 
events are generated in the Xi decay. In order to select the requisite charged lepton, we 
concentrate on the e/i/i events. In those events, we know that for a relatively important 
value of the mass difference, — rn^±, the leading muon comes from the decay, 9^ — > 
xf/i^, and the other one from the neutralino decay (the electron is generated in the decay 
Xi — > Xi e±u e)- I n Fig-4, we present the invariant mass distribution of the lepton and 2 jets 
selected through this method. The average reconstructed x± mass is about 71 ± 9GeV to 
be compared with the generated mass of Xi — 77GeV. In a more detailed analysis of this 
signal [15, 16], the neutralino mass can be reconstructed with higher precision using for e.g. 
constrained fit algorithms. This mass reconstruction is performed easily in contrast with 
the pair production analysis in fl p scenarios [17] which suffers an higher combinatorial 
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background. Moreover, a reconstruction of the chargino and sneutrino masses is also 
possible. This invariant mass distribution would also allow to discriminate between the 
signal and the SUSY background. 

As a conclusion, we have presented a new possibility of studying resonant sneutrino 
productions in ft p models at Tevatron. Results (see also [16]) lead to a sensitivity on the 
A' 211 coupling, on the sneutrino and chargino masses well beyond the present limits. Be- 
sides, a model-independent reconstruction of the neutralino mass can be performed easily 
with great accuracy. Our work leads to the interesting conclusion that the three leptons 
signature considered as a 'gold plated' channel for the discovery of supersymmetry at 
hadronic colliders [7, 8, 9], is also particularly attractive in an R-parity violation context. 

We acknowledge C. Guyot, R. Peschanski, C. Savoy and X. Tata for useful discussions 
and reading the manuscript. 
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Abstract 



We study the single productions of super symmetric particles at Tevatron Run II which oc- 
cur in the 2 2— body processes involving R-parity violating couplings of type \' i j k L i QjD'f t . 
We focus on the single gaugino productions which receive contributions from the resonant 
slepton productions. We first calculate the amplitudes of the single gaugino productions. 
Then we perform analyses of the single gaugino productions based on the three charged 
leptons and like sign dilepton signatures. These analyses allow to probe supersymmetric 
particles masses beyond the present experimental limits, and many of the \'^ k coupling 
constants down to values smaller than the low-energy bounds. Finally, we show that the 
studies of the single gaugino productions offer the opportunity to reconstruct the Xi, Xi , 
v L and if; masses with a good accuracy in a model independent way. 
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1 Introduction 



In the Minimal Supersymmetric Standard Model (MSSM), the super symmetric (SUSY) 
particles must be produced in pairs. The phase space is largely suppressed in pair pro- 
duction of SUSY particles due to the large masses of the superpartners. The R-parity 
violating (ft p ) extension of the MSSM contains the following additional terms in the 
superpotential, which are trilinear in the quarks and leptons superfields, 



where k are flavour indices. These fl p couplings offer the opportunity to produce the 
scalar supersymmetric particles as resonances [1, 2]. Although the fi p coupling constants 
are severely constrained by the low-energy experimental bounds [3, 4, 5, 6], the resonant 
superpartner production reaches high cross sections both at leptonic [7] and hadronic [8] 
colliders. 

The resonant production of SUSY particle has another interest : since its cross section 
is proportional to a power 2 of the relevant ft p coupling, this reaction would allow an ea- 
sier determination of the ftp couplings than the pair production provided the ftp coupling 
is large enough. As a matter of fact in the pair production study, the sensitivity on the 
ftp couplings is mainly provided by the displaced vertex analysis of the Lightest Super- 
symmetric Particle (LSP) decay which is difficult experimentally, especially at hadronic 
colliders. Besides, the displaced vertex analysis allows to test a limited range of couplings 
which is such that the LSP has a large enough life time to have a measurable decay length 
while still decaying inside the detector. 

Neither the Grand Unified Theories (GUT), the string theories nor the study of the 
discrete gauge symmetries give a strong theoretical argument in favor of the R-parity 
violating or R-parity conserving scenarios [3]. Hence, the resonant production of SUSY 
particle through fl p couplings is an attractive possibility which must be considered in the 
phenomenology of supersymmetry. 

The hadronic colliders have an advantage in detecting new particles resonance. Indeed, 
due to the wide energy distribution of the colliding partons, the resonance can be probed 
in a wide range of the new particle mass at hadronic colliders. This is in contrast with the 
leptonic colliders where only large resonances can be probed through radiative returns. 

At hadronic colliders, either a slepton or a squark can be produced at the resonance 
respectively through a A' or a A" coupling constant. In the hypothesis of a single dominant 
fi p coupling constant, the resonant scalar particle can decay through the same fi p coupling 
as in the production, leading to a two quark final state for the hard process [8, 9, 10, 11, 
12, 13, 14, 15]. In the case where both A' and A couplings are non- vanishing, the slepton 
produced via A' can decay through A giving rise to the same final state as in Drell-Yan 
process, namely two leptons [8, 12, 13, 16, 18]. However, for reasonable values of the 
fi p coupling constants, the decays of the resonant scalar particle via gauge interactions 
are typically dominant if kinematically allowed [7, 19]. 

The main decay of the resonant scalar particle through gauge interactions is the decay 
into its Standard Model partner plus a gaugino. Indeed, in the case where the resonant 
scalar particle is a squark, it is produced through A" interactions so that it must be a 
Right squark qn and thus it cannot decay into the IU ± -boson, which is the only other 
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possible decay channel via gauge interactions. Besides, in the case where the resonant 
scalar particle is a slepton, it is a Left slepton produced via a A' coupling but it cannot 
generally decay as — > W ± ul or as ul W 1]^. The reason is that in most of the 
SUSY models, as for example the supergravity or the gauge mediated models, the mass 
difference between the Left charged slepton and the Left sneutrino is due to the D-terms 
so that it is fixed by the relation m~± — m? L = cos 2(3 [20] and thus it does not exceed 

the W /± -boson mass. Nevertheless, we note that in the large tan (3 scenario, a resonant 
scalar particle of the third generation can generally decay into the W^-boson due to the 
large mixing in the third family sfermion sector. For instance, in the SUGRA model with 
a large tan/3 a tau-sneutrino produced at the resonance can decay as u T — > W ± f^, 
being the lightest stau. 

The resonant scalar particle production at hadronic colliders leads thus mainly to the 
single gaugino production, in case where the decay of the relevant scalar particle into 
gaugino is kinematically allowed. In this paper, we study the single gaugino productions 
at Tevatron Run II. The single gaugino productions at hadronic colliders were first studied 
in [2, 8]. Later, studies on the single neutralino [21] and single chargino [22] productions 
at Tevatron have been performed. The single neutralino [23] 1 and single chargino [25] 
productions have also been considered in the context of physics at LHC. In the present 
article, we also study the single superpartner productions at Tevatron Run II which occur 
via 2^2 — body processes and do not receive contributions from resonant SUSY particle 
productions. The single slepton production in 2 — > 3 — body processes has been considered 
in [26] in the context of physics at Tevatron and LHC. 

The singly produced superpartner initiates a cascade decay ended typically by the 
ft p decay of the LSP. In case of a single dominant A" coupling constant, the LSP decays 
into quarks so that this cascade decay leads to multijet final states having a large QCD 
background [8, 9]. Nevertheless, if some leptonic decays, as for instance ~^ ^ ±Z/ X°) 

being the chargino and x° the neutralino, enter the chain reaction, clearer leptonic 
signatures can be investigated [27]. In contrast, in the hypothesis of a single dominant A' 
coupling constant, the LSP decay into charged leptons naturally favors leptonic signatures 
[2]. We will thus study the single superpartner production reaction at Tevatron Run II 
within the scenario of a single dominant \'^ k coupling constant. 

In section 2, we define our theoretical framework. In section 3, we present the values 
of the cross sections for the various single superpartner productions via \'^ k at Tevatron 
Run II and we discuss the interesting multileptonic signatures that these processes can 
generate. In section 4, we analyse the three lepton signature induced by the single chargino 
production. In section 5, we study the like sign dilepton final state generated by the single 
neutralino and chargino productions. 

2 Theoretical framework 

Our framework throughout this paper will be the so-called minimal supergravity model 
(mSUGRA) which assumes the existence of a grand unified gauge theory and family 
universal boundary conditions on the supersymmetry breaking parameters. We choose 

1 After having submitted our paper, we noticed that resonant slepton production is also studied in 
[24]. 



193 



the 5 following parameters : m the universal scalars mass at the unification scale M x , 
mi/2 the universal gauginos mass at Mx, A = A t = A^ = A T the trilinear Yukawa coupling 
at Mx, sign(n) the sign of the fj,(t) parameter (t = log(M x /Q 2 ), Q denoting the running 
scale) and tan/? =< H u > / < Hd > where < H u > and < Hd > denote the vacuum 
expectation values of the Higgs fields. In this model, the higgsino mixing parameter 
is determined by the radiative electroweak symmetry breaking condition. Note also that 
the parameters m-i/2 and M 2 (t) (W wino mass) are related by the solution of the one 
loop renormalization group equations m±/2 = (1 — f3 a t)M a {t) with f3 a = 9xba/ (47r) 2 , where 
(3 a are the beta functions, gx is the coupling constant at Mx and b a = [3,-1,-11], 
a = [3, 2, 1] corresponding to the gauge group factors S77(3) c , SU(2) L , SU(l)y- We shall 
set the unification scale at M x = 2 10 16 GeV and the running scale at the Z°-boson mass : 
Q = m z o. 

We also assume the infrared fixed point hypothesis for the top quark Yukawa coupling 
[28] that provides a natural explanation of a large top quark mass m top . In the infrared 
fixed point approach, tan/3 is fixed up to the ambiguity associated with large or low 
tan/3 solutions. The low solution of tan/3 is fixed by the equation m top = C sin/3, where 
C ~ 190 — 210 GeV for a s (mzo) = 0.11 — 0.13. For instance, with a top quark mass of 
m top — 174.2GeU [29], the low solution is given by tan/3 ~ 1.5. The second important 
effect of the infrared fixed point hypothesis is that the dependence of the electroweak 
symmetry breaking constraint on the A parameter becomes weak so that is a known 
function of the m , my 2 an d tan/3 parameters [28]. 

Finally, we consider the ft p extension of the mSUGRA model characterised by a single 
dominant fl p coupling constant of type \'^ k . 

3 Single superpartner productions via at Teva- 
tron Run II 

3.1 Resonant superpartner production 

At hadronic colliders, either a sneutrino (z>) or a charged slepton (/) can be produced 
at the resonance via the X' i j k coupling. As explained in Section 1, for most of the SUSY 
models, the slepton produced at the resonance has two possible gauge decays, namely a 
decay into either a chargino or a neutralino. Therefore, in the scenario of a single dominant 
X' ijk coupling and for most of the SUSY models, either a chargino or a neutralino is 
singly produced together with either a charged lepton or a neutrino, through the resonant 
superpartner production at hadronic colliders. There are thus four main possible types of 
single superpartner production reaction involving A' ij7c at hadronic colliders which receive 
a contribution from resonant SUSY particle production. The diagrams associated to these 
four reactions are drawn in Fig.l. As can be seen in this figure, these single superpartner 
productions receive also some contributions from both the t and u channels. Note that 
all the single superpartner production processes drawn in Fig.l have charge conjugated 
processes. We have calculated the amplitudes of the processes shown in Fig.l and the 
results are given in Appendix 1. 
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FlG. 1: Feynman diagrams for the 4 single production reactions involving A^ fe at hadronic colliders which 
receive a contribution from a resonant super symmetric particle production. The X'^ k coupling constant is 
symbolised by a small circle and the arrows denote the flow of the particle momentum. 

Cross sections 

In this section, we discuss the dependence of the single gaugino production cross 
sections on the various supersymmetric parameters. We will not assume here the radiative 
electroweak symmetry breaking condition in order to study the variations of the cross 
sections with the higgsino mixing parameter //. 

First, we study the cross section of the single chargino production pp — > x + K which 
occurs through the \'^ k coupling (see Fig. 1(a)). The differences between the x + e~, 
and x + r~ production (occuring respectively through the A' l fc , A' 2 fc and X' 3 j k couplings 
with identical j and k indices) cross sections involve lepton mass terms (see Appendix 
1) and are thus negligible. The pp — > x + K reaction receives contributions from the s 
channel sneutrino exchange and the t and u channels squark exchanges as shown in Fig.l. 
However, the t and u channels represent small contributions to the whole single chargino 
production cross section when the sneutrino exchanged in the s channel is real, namely 
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FlG. 2: Cross sections (in pb) of the single chargino production pp 
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for VTLy %L > nty±. The t and u channels cross sections will be relevant only when the 
produced sneutrino is virtual since the s channel contribution is small. In this situation 
the single chargino production rate is greatly reduced compared to the case where the 
exchanged sneutrino is produced as a resonance. Hence, The t and u channels do not 
represent important contributions to the x + C production rate. 

The dependence of the x + K production rate on the A coupling is weak. Indeed, the 
rate depends on the A parameter only through the masses of the third generation squarks 
eventually exchanged in the t and u channels (see Fig.l). Similarly, the dependences on 
the A coupling of the rates of the other single gaugino productions shown in Fig.l are 
weak. Therefore, in this article we present the results for A = 0. Later, we will discuss 
the effects of large A couplings on the cascade decays which are similar to the effects of 
large tan f3 values. 

tan j3 dependence : The dependence of the x + K production rate on tan (3 is also weak, 
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FlG. 3: Cross sections (in pb) of the single chargino productions pp — ► X^ 2 M~ as a function of the fi 
parameter (in GeV) for \' 2U — 0.09, M 2 = 200GeV, tan/3 = 1.5 and m = 200GeV at a center of mass 
energy of2TeV. 

except for tan f3 < 10. This can be seen in Fig. 2 where the cross section of the pp — > Xi^A* - 
reaction occuring through the \' 2U coupling is shown as a function of the tan (3 parameter. 
The choice of the A' 211 coupling is motivated by the fact that the analysis in Sections 4 
and 5 are explicitly made for this coupling. In Fig.2, we have taken the A' 211 value 
equal to its low-energy experimental bound for = lOOGeV which is A' 211 < 0.09 [4]. 
At this stage, some remarks on the values of the cross sections presented in this section 
must be done. First, the single gaugino production rates must be multiplied by a factor 
2 in order to take into account the charge conjugated process, which is for example 
in the present case pp — > x~A t+ - Furthermore, the values of the cross sections for all 
the single gaugino productions are obtained using the CTEQ4L structure function [30]. 
Choosing other parametrizations does not change significantly the results since proton 
structure functions in our kinematical domain in Bjorken x are known and have been 
already measured. For instance, with the set of parameters A' 211 = 0.09, M 2 = lOOGeV, 
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FlG. 4: Cross section (in pb) of the single chargino production pp — + Xi" M~ as a function of the too fin 
GeFj and M2 fin GeV) parameters. The center of mass energy is ^/s — 2TeV and the other parameters 
are : X' 2U = 0.09, tan/3 = 1.5 and fj, = -200GeV. 

tan/3 = 1.5, m = 300GeV and /i = —500GeV, the xt^~ production cross section is 
0.503p6 for the CTEQ4L structure function [30], 0.503p6 for the BEP structure function 
[31], 0.480p6 for the MRS (R2) structure function [32] and 0A85pb for the GRV LO 
structure function [33]. 

/j, dependence : In Fig. 3, we present the cross sections of the xt^ an d X2 ^ P ro ~ 
ductions as a function of the fi parameter. We observe in this figure the weak dependence 
of the cross section a(pp — > xt^~) 011 A 4 f° r I A* I > -^2- The reason is the smooth depen- 
dence of the xf mass on \x in this domain. However, the rate strongly decreases in the 
region \\x\ < M 2 in which the xf chargino is mainly composed by the higgsino. Neverthe- 
less, the small \fj,\ domain (\fi\ smaller than ~ lOOGeV^ for tan/5 = 1.41, M 2 > lOOGeV, 
rriQ = 500GeV and A' 7^ 0) is excluded by the present experimental limits derived from 
the LEP data [34]. 

In contrast, the cross section cr(pp — > xtp~) increases in the domain < M 2 due to the 
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fact that the \ 2 mass is enhanced as \\x\ increases and the x 2 is primarily wino in the 
region < M 2 . The region in which a(pp — > xtf 1 ) becomes important is at small values 
of near the LEP limits of [34]. We also remark in Fig. 3 that the single xt production 
rate values remain above the single xt production rate values in all the considered range 
of fi. In this figure, we also notice that the cross section is smaller when \i is negative. To 
be conservative, we will take \i < in the following. 

mo and M 2 dependences : In fact, the cross section cr(pp — > X + ^l) depends mainly 
on the mo and M 2 parameters. We present in Fig.4 the rate of the xtf 1 ' production as a 
function of the m and M 2 parameters. The rate decreases at high values of m since the 
sneutrino becomes heavier as m increases and more energetic initial partons are required 
in order to produce the resonant sneutrino. The decrease of the rate at large values of 
M 2 is due to the increase of the chargino mass and thus the reduction of the phase space 
factor. 

In Fig. 5, we show the variations of the a{pp — > xt^~) cross sections with m for 
fixed values of M 2 , \i and tan/5. The cross sections corresponding to the x!^ production 
through various ]/t p couplings of type A 2jfe are presented. In this figure, we only consider the 
fi p couplings giving the highest cross sections. The values of the considered A 2jfe couplings 
have been taken at their low-energy limit [4] for a squark mass of lOOGeV. The rate of 
the xt^ production through A' 211 is also shown in this figure. We already notice that the 
cross section is significant for many |? p couplings and we will come back on this important 
statement in the following. 

The a{pp — > rates decrease as m increases for the same reason as in Fig.4. A 

decrease of the rates also occurs at small values of mo- The reason is the following. When 
m decreases, the v mass is getting closer to the x* 1 masses so that the phase space factor 
associated to the decay z> M — > x ± /i =F decreases. 

We also observe that the single xt production rate is much smaller than the single xt 
production rate, as in Fig. 3. 

Since the single chargino production rate scales as A' 2 (see Appendix 1), we easily see 
by doing a rescaling of the rates that the various xt^ production rates presented in 
Fig. 5 would still have different values for identical values of the involved ft p coupling 
constants. These differences between the xt ^ production rates occuring via the various 
X' 2 j k couplings are explained by the different parton densities. Indeed, as shown in Fig.l 
the hard processes associated to the xtf 1 ' production occuring through the A 2jfc coupling 
constant have a partonic initial state q~jqk- The influence of the parton density on the single 
chargino production rate can be observed on Fig.5 by comparing the xtf 1 ' production 
rates occuring through the A 211 = 0.09 and A' 212 = 0.09 coupling constants. For same values 
of the M 2 jk coupling constants, the xt^~ production involving the A 211 coupling constant 
has the highest cross section since the associated hard processes have first generation 
quarks in the initial state which provide the maximum parton density. 

We now discuss the rate behaviours for the reactions pp — > x u ^i PP ~^ an d 
PP — ¥ 5d v ti which occur via A 211 , in the SUSY parameter space. The dependences of 
these rates on the A, tan/3, /j, and M 2 parameters are typically the same as for the x + ^ 
production rate. The variations of the Xi u fi> Xi2^~ an d Xi u n productions cross sections 
with the m parameter are shown in Fig.6. The x 2 u^, X^/i - and Xs^n production 
rates are comparatively negligible and thus have not been represented. We observe in 
this figure that the cross sections decrease at large m values like the production 
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FlG. 5: Cross sections (in pb) of the single chargino productions pp — > xJ 2 M~ as a function of the m 
parameter (in GeV). The center of mass energy is taken at ^/s = 2TeV and X' 2 n = 0.09, Mi = 200GeV, 
tan/3 = 1.5 and \i = — 200GeV. The rates of the single xt production via the couplings A' 212 = 0.09, 
A 22 i = 0.18 and A 231 = 0.22 are also shown. The chosen values of the ]jt p couplings correspond to the 
low-energy limits [4] for a squark mass oflOOGeV. 

rate. However, while the single xt productions rates decrease at small m values (see 
Fig. 5 and Fig.6), this is not true for the single Xi productions (see Fig. 6). The reason 
is that in mSUGRA the Xi an d Ul (h — if, v i) masses are never close enough to induce 
a significant decrease of the cross section associated to the reaction pp — > In — > Xih, 
where U = lf,Vi (see Fig.l(c)(d)), caused by a phase space factor reduction. Therefore, 
the resonant slepton contribution to the single Xi production is not reduced at small mo 
values like the resonant slepton contribution to the single xt production. For the same 
reason, the single Xi productions have much higher cross sections than the single xt 
productions in most of the mSUGRA parameter space, as illustrate Fig. 5 and Fig.6. We 
note that in the particular case of a single dominant A3 - fc coupling constant and of large 
tan/? values, the rate of the reaction pp — > — > Xi T ( see Fig- 1(d)), where is the 
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FlG. 6: Cross sections (in pb) of the reactions pp — > Xi v j PP ~ * X1.2M an( ^ PP — * Xi* 7 as a function of 
the mo parameter (in GeV). The center of mass energy is taken at ^/s = 2TeV and the considered set of 
parameters is : A' 211 = 0.09 7 M 2 = 200GeV, tan/3 = 1.5 and fi = -2QQGeV. 

lightest tau-slepton, can be reduced at low m values since then m~± can be closed to 
m^a due to the large mixing occuring in the staus sector. By analysing Fig. 5 and Fig. 6, 
we also remark that the x~ u ^ (xV~) production rate is larger than the x + /i~ (x°^v) one - 
The explanation is that in pp collisions the initial states of the resonant charged slepton 
production Ujd^, Ujdk have higher partonic densities than the initial states of the resonant 
sneutrino production djd^, djd^- This phenomenon also increases the difference between 
the rates of the xV~ an d Xi^~ productions at Tevatron. 

Although the single xf production cross sections are smaller than the Xi ones, it is 
interesting to study both of them since they have quite high values. 
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3.2 Non-resonant superpartner production 

At hadronic colliders, the single productions of SUSY particle via A^- fc can occur 
through some 2^2 — body processes which do not receive contributions from any re- 
sonant superpartner production. These non-resonant superpartner productions are (one 
must also add the charge conjugated processes) : 

- The gluino production Ujd k — > gk via the exchange of a Uj L (d kR ) squark in the t 
(u) channel. 

- The squark production djg — > d* kR Ui via the exchange of a d kR squark (dj quark) in 
the t (s) channel. 

- The squark production Ujg — > d* kR li via the exchange of a d kR squark (uj quark) in 
the t (s) channel. 

- The squark production d k g dj^Vi via the exchange of a djL squark (d k quark) in 
the t (s) channel. 

- The squark production d k g — > UjiU via the exchange of a UjL squark (d k quark) in 
the t (s) channel. 

- The sneutrino production djd k — > Zun via the exchange of a d k or dj quark (vn 
sneutrino) in the t (s) channel. 

- The charged slepton production Ujd k — > Zl iL via the exchange of a d k or Uj quark 
(liL slepton) in the t (s) channel. 

- The sneutrino production Ujd k — > W~vn, via the exchange of a dj quark (In sneu- 
trino) in the t (s) channel. 

- The charged slepton production djd k — > W + ln, via the exchange of a Uj quark (u iL 
sneutrino) in the t (s) channel. 

The single gluino production cannot reach high cross sections due to the strong ex- 
perimental limits on the squarks and gluinos masses which are typically about rriq, m~ g ~ 
200Gel / [35] . Indeed, the single gluino production occurs through the exchange of squarks 
in the t and u channels, as described above, so that the cross section of this production 
decreases as the squarks and gluinos masses increase. For the value rriq = m- g = 250GeV 
which is close to the experimental limits, we find the single gluino production rate 
a(pp — > gfi) I0~ 2 pb which is consistent with the results of [8]. The cross sections 
given in this section are computed at a center of mass energy of y/s = 2TeV using the 
version 33.18 of the COMPHEP routine [36] with the CTEQ4m structure function and 
an coupling X' 2U = 0.09. Similarly, the single squark production cross section cannot 
be large : for rriq = 250GeV, the rate a{pp — > u L n) is of order ~ 10~ 3 p&. The production 
of a slepton together with a massive gauge boson has a small phase space factor and 
does not involve strong interaction couplings. The cross section of this type of reaction is 
thus small. For instance, with a slepton mass of m ; ~ = lOOGeV we find the cross section 
o~{pp — > Z\xi) to be of order 10~ 2 pb. 

As a conclusion, the non-resonant single superpartner productions have small rates 
and will not be considered here. Nevertheless, some of these reactions are interesting as 
their cross section involves few SUSY parameters, namely only one scalar superpartner 
mass and one ft p coupling constant. 
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4 Three lepton signature analysis 



4.1 Signal 

In this section, we study the three lepton signature at Tevatron Run II generated by 
the single chargino production through A^- fe , pp — > x^lfi followed by the cascade decay, 
X* 1 — ► Xi^ ±z/ 5 Xi ~ ¥ hujdk, kujdk (the indices k correspond to the indices of A^- fc ). 
In fact, the whole final state is 3 charged leptons + 2 hard jets + missing energy (Ip). 
The two jets and the missing energy come respectively from the quarks and the neutrino 
produced in the cascade decay. In the mSUGRA model, which predicts the Xi as the 
LSP in most of the parameter space, the pp — > x^lf reaction is the only single gaugino 
production allowing the three lepton signature to be generated in a significant way. Since 
the xflf production rate is dominant compared to the xflf production rate, as discussed 
in Section 3.1, we only consider the contribution to the three lepton signature from the 
single lightest chargino production. 

For mj;, mj, rriq, m^o > rn^±, the branching ratio B(xt ~^ Xi^ ±u ) is typically of order 
30% and is smaller than for the other possible decay Xi ~^ XiQpQp because of the color 
factor. 

Since in our framework the Xi is the LSP, it can only decay via A^ fc , either as Xi ~^ hujdk 
or as Xi Vidjdk, with a branching ratio B(xi ~^ h u jdk) ranging between ~ 40% and 
~ 70%. 

The three lepton signature is particularly attractive at hadronic colliders because of 
the possibility to reduce the associated Standard Model background. In Section 4.2 we 
describe this Standard Model background and in Section 4.4 we show how it can be 
reduced. 

4.2 Standard Model background of the 3 lepton signature at 
Tevatron 

The first source of Standard Model background for the three leptons final state is the 
top quark pair production qq — > tt or gg — > tt. Since the top quark life time is smaller than 
its hadronisation time, the top decays and its main channel is the decay into a W gauge 
boson and a bottom quark as t — > bW. The tt production can thus give rise to a 3/ final 
state if the W bosons and one of the b-quarks undergo leptonic decays simultaneously. The 
cross section, calculated at leading order with PYTHIA [37] using the CTEQ2L structure 
function, times the branching fraction is a(pp — > tt) x B 2 (W — > l p v p ) 863/6 (704/6) 
with p — 1, 2, 3 at y/s = 2TeV for a top quark mass of m top = 170GeV (175GeV). 

The other major source of Standard Model background is the W ± Z° production fol- 
lowed by the leptonic decays of the gauge bosons, namely W — > lu and Z — > //. The value 
for the cross section times the branching ratios is a(pp — > WZ) x B(W — > l p v p ) x B(Z — > 
Iplp) w 82/6 (p = 1, 2, 3) at leading order with a center of mass energy of = 2TeV. 
The W ± Z° production gives also a small contribution to the 3 leptons background through 
the decays : W — > bu p and Z — > 66, W — > Iv and Z — > 66 or W — > bu p and Z — > 11, if a 
lepton is produced in each of the b jets. 

Similarly, the Z°Z° production followed by the decays Z — > II (I = e, //), Z — > rf, 
where one of the r decays into lepton while the other decays into jet, leads to three 
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leptons in the final state. Within the same framework as above, the cross section is of 
order a(pp — > ZZ — > 3/) ~ 2/6. 

The Z°Z° production can also contribute weakly to the 3 leptons background via the 
decays : Z — > 11 and Z — > 66 or Z — > 66 and Z — > fob, since a lepton can be produced in a 
b jet. 

It has been pointed out recently that the WZ* (throughout this paper a star indicates a 
virtual particle) and the W'j* productions could represent important contributions to the 
trilepton background [38, 39]. The complete list of contributions to the 3 leptons final state 
from the WZ,W^* and ZZ productions, including cases where either one or both of the 
gauge bosons can be virtual, has been calculated in [40]. The authors of [40] have found 
that the WZ, W7* and ZZ backgrounds (including virtual boson(s)) at the upgraded 
Tevatron have together a cross section of order 0.5/6 after the following cuts have been 
implemented : P t (h) > 20GeV , P t (l 2 ) > IhGeV , P t (l 3 ) > lOGeV ; \rj(h,l 2 ,3)\ < 1.0,2.0; 
ISO sr=0 a < 2GeV; $ T > 25GeV ; 81GeV < M inv (ll) < WlGeV ; UGeV < M inv (ll) ; 
60GeV < m T (l,#r) < 85GeV. 

We note that there is at most one hard jet in the 3 leptons backgrounds generated by the 
WZ, W'-f* and ZZ productions (including virtual boson(s)). Since the number of hard 
jets is equal to 2 in our signal (see Section 4.1), a jet veto can thus reduce this Standard 
Model background with respect to the signal. 

Other small sources of Standard Model background have been estimated in [41] : The 
productions like Zb, Wt or Wtt. After applying cuts on the geometrical acceptance, the 
transverse momentum and the isolation, these backgrounds are expected to be at most 
of order 10 _4 p6 in pp collisions with a center of mass energy of y/s = 2TeV. We have 
checked that the Zb production gives a negligible contribution to the 3 lepton signature. 

There are finally some non-physics sources of background. First, the 4 leptons signal, 
which can be generated by the Z°Z° and tt productions, appears as a 3 leptons signature if 
one of the leptons is missed. Besides, the processes pp — > Z + X, Drell — Yan + X would 
mimic a trilepton signal if X fakes a lepton. Monte Carlo simulations using simplified 
detector simulation, like for example SHW [42] as in the present study (see Section 4.4), 
cannot give a reliable estimate of this background. A knowledge of the details of the 
detector response as well as the jet fragmentation is necessary in order to determinate 
the probability to fake a lepton. In [43], using standard cuts the background coming from 
pp — > Z + X, Drell — Yan + X has been estimated to be of order 2/6 at Tevatron with 

= 2TeV. The authors of [43] have also estimated the background from the three-jet 
events faking trilepton signals to be around 10~ 3 /6. 

Hence for the study of the Standard Model background associated to the 3 lepton 
signature at Tevatron Run II, we consider the W ± Z° production and both the physics 
and non-physics contributions generated by the Z°Z Q and tt productions. 

4.3 Supersymmetric background of the 3 lepton signature at 
Tevatron 

If an excess of events is observed in the three lepton channel at Tevatron, one would 
wonder what is the origin of those anomalous events. One would thus have to consider all 
of the supersymmetric productions leading to the three lepton signature. In the present 
context of R-parity violation, multileptonic final states can be generated by the single 
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Tab. 3: Cross section (in pb) of the sum of all the superpartners pair productions at 
Tevatron Run II as a function of the m and parameters for tan f3 = 1.5, sign(fi) < 
and A 211 = 0.05 at a center of mass energy of y/s = 2TeV. These rates have been calculated 
with HERWIG [48] using the CTEQ4m structure function. 

chargino production involving fy, couplings, but also by the supersymmetric particle pair 
production which involves only gauge couplings [44, 13]. In models, the superpartner 
pair production can even lead to the trilepton signature [45, 46, 47]. As a matter of fact, 
both of the produced supersymmetric particles decay, either directly or through cascade 
decays, into the LSP which is the neutralino in our framework. In the hypothesis of 
a dominant A' coupling constant, each of the 2 produced neutralinos can decay into a 
charged lepton and two quarks : at least two charged leptons and four jets in the final 
state are produced. The third charged lepton can be generated in the cascade decays as 
for example at the level of the chargino decay x* 1 y^l^v. 

In Table 3, we show for different mSUGRA points the cross section of the sum of 
all superpartner pair productions, namely the R p conserving SUSY background of the 3 
lepton signature generated by the single chargino production. As can be seen in this table, 
the summed superpartner pair production rate decreases as m and mi/ 2 increase. This 
is due to the increase of the superpartner masses as the tuq or miw parameter increases. 
The SUSY background will be important only for low values of m and mi/ 2 as we will 
see in the following. 

4.4 Cuts 

In order to simulate the single chargino production pp — > xfl T at Tevatron, the ma- 
trix elements (see Appendix 1) of this process have been implemented in a version of the 
SUSYGEN event generator [49] allowing the generation of pp reactions [50]. The Stan- 
dard Model background (W ± Z°, Z°Z° and tt productions) has been simulated using the 
PYTHIA event generator [37] and the SUSY background (all SUSY particles pair pro- 
ductions) using the HERWIG event generator [48]. SUSYGEN, PYTHIA and HERWIG 
have been interfaced with the SHW detector simulation package [42], which mimics an 
average of the CDF and DO Run II detector performance. 

We have developped a series of cuts in order to enhance the signal-to-background ratio. 
First, we have selected the events with at least three leptons where the leptons are either 
an electron, a muon or a tau reconstructed from a jet, namely Ni > 3 [I = e,fi,r]. We 
have also considered the case where the selected leptons are only electrons and muons, 
namely Ni > 3 [I = e, //]. 

The selection criteria on the jets was to have a number of jets greater or equal to 
two, where the jets have a transverse momentum higher than 10GeU, namely Nj > 2 
with Pt(j) > 10GeU. This jet veto reduces the 3 lepton backgrounds coming from the 
W ± Z° and Z°Z° productions. Indeed, the W ± Z° production generates no hard jets and 
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FlG. 7: Distributions of the lowest lepton energy (in GeV) among the energies of the 3 leading leptons 
(electrons and muons) in the events containing at least 3 charged leptons and 2 jets generated by the 
Standard Model background (lower curve), namely the W Z° , Z°Z° and ti productions, and the SUSY 
signal (upper curve), for X' 211 — 0.09, M 2 = !50GeV, too = 200GeV, tan/3 = 1.5 and sign(fi) < 0. The 
numbers of events correspond to an integrated luminosity of C = 10/6 -1 . 



the Z Z production generates at most one hard jet. Moreover, the hard jet produced 
in the Z°Z° background is generated by a tau decay (see Section 4.2) and can thus be 
identified tau. 

Besides, some effective cuts concerning the energies of the produced leptons have been 
applied. In Fig. 7, we show the distributions of the third leading lepton energy in the 3 
lepton events produced by the Standard Model background (W ± Z°, Z°Z° and ti) and 
the SUSY signal. Based on those kinds of distributions, we have chosen the following cut 
on the third leading lepton energy : E(l$) > lOGeV. Similarly, we have required that the 
energies of the 2 leading leptons verify E(l 2 ) > 20GeV and E{li) > 20GeV. 

We will refer to all the selection criteria described above, namely Ni > 3 [/ = e, /i, r] 
with E(h) > 20GeV, E{1 2 ) > 20GeV, E(l 3 ) > lOGeV, and Nj > 2 with P t (j) > lOGeV, 
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FlG. 8: Distributions of the AR angular difference (in rad) between the third leading lepton (electron or 
muon) and the second leading jet in the 3 leptons events selected by applying cut 1 and produced by the 
Standard Model background (curve in black), namely the W^Z , Z°Z° and ti productions, and the SUSY 
signal (curve in grey), for \' 211 = 0.09, M 2 = lhOGeV , tuq — 200GeV, tan/3 = 1.5 and sign(fi) < 0. The 
numbers of events correspond to an integrated luminosity of £ = 10/6 -1 . 



as cut 1. 

Finally, since the leptons originating from the hadron decays (as in the ti production) 
are not well isolated, we have applied some cuts on the lepton isolation. We have imposed 
the isolation cut AR = y/5(f) 2 + S9 2 > 0.4 where (ft is the azimuthal angle and 9 the 
polar angle between the 3 most energetic charged leptons and the 2 hardest jets. Such 
a cut is for instance motivated by the distributions shown in Fig. 8 of the AR angular 
difference between the third leading lepton and the second leading jet, in the 3 lepton 
events generated by the SUSY signal and Standard Model background. We call cut AR > 
0.4 together with cut 1, cut 2. 

In order to eliminate poorly isolated leptons, we have also required that E < 2GeV, 
where E represents the summed energies of the jets being close to a muon or an electron, 



207 





w z 


z z 


tt 


total 


cut 1 


i on _i_ n 1 1 


i 97 _i_ n 1 1 
l.o ( ± U.ll 


on on _i_ i nn 
oy.8U ± l.UU 


4z.0o ± 1.U1 


cut z 


n Q£ i n n r 

U.zo ± U.UO 


n 1 i n n A 

U.zl ± U.U4 


a oo _i_ n on 


A i n /in 

4. f U ± U.4U 


cut o 


n O/i -4- n n/i 
U.Z4 ± U.U4 


U.l i ± U.U4 


1. 14 ± U. 1 1 


1.00 ± U.lo 


cut 1* 


0.51 ±0.06 


0.73 ±0.08 


27.80 ±0.80 


29.04 ±0.80 


cut 2* 


0.26 ±0.05 


0.21 ±0.04 


2.92 ±0.27 


3.39 ±0.28 


cut 3* 


0.23 ±0.04 


0.17 ±0.04 


0.64 ±0.13 


1.04 ±0.14 



Tab. 4: Numbers of three lepton events generated by the Standard Model background 
(W ± Z°, Z°Z° and tt productions) at Tevatron Run II for the cuts described in the 
text, assuming an integrated luminosity of C = lfb -1 and a center of mass energy of 
y^s = 2TeV. The cuts marked by a * do not include the reconstruction of the tau-jets. 
These results have been obtained by generating and simulating 3 10 5 events for the W ± Z Q 
production, 10 4 events for the Z°Z° and 3 10 5 events for the tt. 

namely the jets contained in the cone centered on a muon or an electron and defined by 
AR < 0.25. This cut is not applied for taus candidates as they have hadronic decays. It 
is quite efficient (see Fig. 21 for the 2 lepton case) since we sum over all jet energies in the 
cone. The Standard Model background shows more jets and less separation between jets 
and leptons in (9, 0) in final state than the single productions 2 . We denote cut E < 2GeV 
plus cut 2 as cut 3 3 . 

The selected events require high energy charged leptons and jets and can thus easily be 
triggered at Tevatron. This is illustrated in Fig. 9 where we show the energy distributions 
of the 3 leptons and the second leading jet in the 3 leptons events selected by applying 
cut 3 and generated by the SUSY signal and Standard Model background. 

In Table 4, we give the numbers of three lepton events expected from the Standard 
Model background at Tevatron Run II with the various cuts described above. We see in 
Table 4 that the main source of Standard Model background to the three lepton signature 
at Tevatron is the tt production. This is due to the important cross section of the tt 
production compared to the other Standard Model backgrounds (see Section 4.2). Table 
4 also shows that the tt background is relatively more suppressed than the other sources 
of Standard Model background by the lepton isolation cuts. The reason is that in the tt 
background, one of the 3 charged leptons of the final state is generated in a 6-jet and is 
thus not well isolated. 

In Table 5, we give the number of three lepton events generated by the SUSY back- 
ground (all superpartners pair productions) at Tevatron Run II as a function of the m 
and mi/2 parameters for the cut 3. This number of events decreases as m and mi/ 2 in- 
crease due to the behaviour of the summed superpartners pair productions cross section 
in the SUSY parameter space (see Section 4.3). 

2 This cut will have to be fine tuned with real events since it will depend on the energy flow inside the 
detector, the overlap and minimum biased events. 

3 Although it has not been applied, we mention another kind of isolation cut which allows to further 
reduce the Standard Model background : 5<p > 70° between the leading charged lepton and the 2 hardest 
jets. 
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FlG. 9: Energy distributions (in GeV) of the 3 leading charged leptons and the second leading jet in the 
events containing at least 3 charged leptons selected by applying cut 3 and produced by the Standard Model 
background (curve in black), namely the W ± Z°, Z°Z° andti productions, and the SUSY signal (curve in 
grey), for X' 2n = 0.09, M 2 = 150GeV, m = 200GeV, tan/3 = 1.5 and sign(fi) < 0. The upper left plot 
represents the leading lepton distribution, the upper right plot the second leading lepton distribution and 
the lower left plot the third leading lepton distribution. The numbers of events correspond to an integrated 
luminosity of C = 10/6 -1 . 

4.5 Results 

Discovery potential for the A 2jfc coupling constant 

We first present the reach in the mSUGRA parameter space obtained from the analysis 
of the trilepton signature at Tevatron Run II generated by the single chargino production 
through the A 211 coupling, namely pp — > Xi : / i=F • The sensitivity that can be obtained 
on the \' 2 j k (j and k being not equal to 1 simultaneously) couplings based on the Xi = / X=F 
production analysis will be discussed at the end of this section for a given mSUGRA point. 
We give more detailed results for the case of a single dominant A' 211 coupling since this 
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lUUCrei/ 




oUUure V 




DvvLreV 


lOOGeV 


93.94 


125.59 


80.53 


66.62 


63.90 


200GeV 


5.11 


4.14 


3.86 


4.02 


4.26 


300GeV 


2.26 


0.66 


0.52 


0.55 


0.55 



Tab. 5: Number of 3 lepton events generated by the SUSY background (all superpartners 
pair productions) at Tevatron Run II as a function of the mo and m^j parameters for 
tan/3 = 1.5, sign(ii) < and A' 211 = 0.05. Cut 3 (see text) has been applied. These results 
have been obtained by generating 7500 events and correspond to an integrated luminosity 
of £ = Ifb^ 1 and a center of mass energy of y/s = 2TeV. 

ftp coupling gives the highest partonic luminosity to the Xi = / i=F production (see Section 
3.1) and leads thus to the highest sensitivities. 

In Fig. 10, we present the 3a and 5a discovery contours and the limits at 95% confidence 
level in the plane mo versus mi/ 2 , for sign(fi) < 0, tan (3 = 1.5 and using a set of values for 
A 211 and the luminosity. This discovery potential was obtained by considering the xf A t=F 
production and the background originating from the Standard Model. The signal and 
background were selected by using cut 3 described in Section 4.4. The results presented 
for a luminosity of C = 0.5/6 -1 in Fig. 10 and Fig. 11 were obtained with cut 2 only in order 
to optimize the sensitivity on the SUSY parameters. The reduction of the sensitivity on 
A 211 observed in Fig. 10 when either m or mi/2 increases is due to the decrease of the xtf^ 
production cross section with m or m 1 /2 (or equivalently M 2 ), which can be observed in 
Fig.4. In Fig. 10, we also see that for all the considered values of A' 211 and the luminosity, 
the sensitivity on mi/ 2 is reduced to low masses in the domain m ~ 200GeU. This 
important reduction of the sensitivity as mo decreases is due to the decrease of the phase 
space factor associated to the decay z> M — > x^l 1 ^ ( see Section 3.1). Finally, we note from 
Fig. 3 that for sign(fi) > the xt^ production cross section, and thus the sensitivities 
presented in Fig. 10, would incur a little increase compared to the case sign(fj) < 0. 

In Fig. 11, the discovery potential is shown in the A' 211 -mo plane for different values of 
M 2 and the luminosity. For a given value of M 2 , we note that the sensitivity on the A' 211 
coupling decreases at high and low values of m . The main explanation is the decrease 
of the pp — > xt^ T r& te at high and low values of m which appears clearly in Fig. 5. We 
also observe, as in Fig. 10, a decrease of the sensitivity on the A' 211 coupling when M 2 (or 
equivalently m^) increases for a fixed value of mo. 

The strongest bounds on the supersymmetric masses obtained at LEP in an fl p model 
with a non-vanishing A' Yukawa coupling are m^o > 26GeV (for m = 200GeU and 

tan/3 = V2 [51]), m-± > 100GeU, m r > 93GeV, m D > 86GeV [34]. For the minimum 
values of m and mi/ 2 spanned by the parameter space described in Figures 10 and 
11, namely m = 100GeU and M 2 = 100GeU, the mass spectrum is m-± = 113GeV, 
m^o = 54GeV , m„ L = 127GeV, m~ lL = 137GeV, mj R = 114GeV, so that we are well 
above these limits. Since both the scalar and gaugino masses increase with mo and mi/ 2 , 
the parameter space described in Figures 10 and 11 lies outside the SUSY parameters 
ranges excluded by LEP data [34, 51]. Therefore, the discovery potential of Figures 10 
and 11 represents an important improvement with respect to the supersymmetric masses 
limits derived from LEP data [34, 51]. Figures 10 and 11 show also that the low-energy 
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Fig. 10: Discovery contours at ha (full line), 3a (dashed line) and limit at 95% C.L. 
(dotted line) obtained from the trilepton signature analysis at Tevatron Run II assuming 
a center of mass energy of y^i = 2TeV. This discovery reach is presented in the plane mo 
versus m^, for sign(fi) < 0, tan/3 = 1.5 and different values of A' 211 and of luminosity. 

bound on the considered fi p coupling, A 211 < 0.09(mj ij /100G'el / ) at la (from n decay) 
[4], can be greatly improved. 

Interesting sensitivities on the SUSY parameters can already be obtained within the 
first year of Run II at Tevatron with a low luminosity (C = 0.5 fb^ 1 ) and no reconstruction 
of the tau-jets. To illustrate this point, we present in Fig.12 and Fig. 13 the same discovery 
potentials as in Fig.10 and Fig.ll, respectively, obtained without reconstruction of the 
tau leptons decaying into jets. By comparing Fig.10, Fig.ll and Fig.12, Fig.13, we observe 
that the sensitivity on the SUSY parameters is weakly affected by the reconstruction of 
the tau-jets 4 . 

This is actually an artefact of the method : cut 3 is our most efficient cut to reduce the Standard 
Model background with electrons and muons but is not applied with taus. Thus, the relative ratio signal 
over background is not so good with taus. Finding another efficient cut could improve our discovery 



211 




Fig. 11: Discovery contours at 5er (full line), 3a (dashed line) and limit at 95% C.L. 
(dotted line) presented in the plane A' 211 versus the m parameter, for sign(fi) < 0, 
tan/3 = 1.5 and different values of M 2 and of luminosity. 



Using the ratios of the cross sections for the xt^~ productions via different \' 2 j k 
couplings, one can deduce from the sensitivity obtained on A' 211 via the 3 lepton final 
state analysis an estimation of the sensitivity on any A' 2jfc coupling. For instance, let us 
consider the SUSY point m = 180GeU, M 2 = 200GeU, tan/5 = 1.5 and fi = -200GeU 
(m~ L = QOlGeV, m~ dh = 603GeU, m UR = 582GeU, m dR = 580GeU, m fj . = 253GeU, 
mj R = 205GeU m^ L = 248GeU, m^± = 199GeV, m^> = 105GeU) which corresponds, 
as can be seen in Fig. 11, to the point where the sensitivity on A' 211 is maximized for 
M 2 = 200GeV. We can see on Fig. 5 that for this SUSY point, the ratio between the rates 
of the xt^ productions via A' 211 and A' 221 is o"(A 211 )/cr(A 221 ) ~ 7.9 for same values of 
the couplings. Therefore, since the single chargino production rate scales as A' 2 (see 
Appendix 1), the sensitivity on A' 221 at this SUSY point is equal to the sensitivity obtained 
on A' 211 (~ 0.02 at 95%CL with C = 2fb~ l as shows Fig. 11) multiplied by the factor ^L§, 

potential and limits using taus. 
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Fig. 12: Discovery contours at ha (full line), 3a (dashed line) and limit at 95% C.L. 
(dotted line) presented in the plane m versus TO1/2 and obtained without reconstruction 
of the tau leptons decaying into jets for sign(ii) < 0, tan/3 = 1.5 and different values of 
A' 211 and of luminosity. 
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0.04 
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0.05 
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0.21 
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0.36 
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Tab. 6: Sensitivities at 95%CL on the A 2jfc coupling constants derived from the sensitivity 
on A' 211 for a luminosity of C = 2fb~ 1 and the following set of SUSY parameters, tan/5 = 
1.5, M 2 = 200GeV, p: = -200GeV and m = ISOGeV. 



namely ~ 0.05. This result represents a significant improvement with respect to the low- 
energy indirect limit A' 221 < 0.18(m c i R /100GeV) [4]. Using the same method, we find at 
the same SUSY point the sensitivities on the \' 2 j k coupling constants given in Table 6. 
All the sensitivities on the A 2jfc coupling constants given in Table 6 are stronger than the 
low-energy bounds of [4] which we rewrite here : \' 21k < 0.09(mj /lOOGeV) at la (n 



213 




Fig. 13: Discovery contours at ha (full line), 3a (dashed line) and limit at 95% C.L. 
(dotted line) presented in the plane A' 211 versus the parameter and obtained without 
reconstruction of the tau leptons decaying into jets for sign(fj) < 0, tan/3 = 1.5 and 
different values of M 2 and of luminosity. 



decay), \' 22k < 0.18(m dk J100GeV) at la (D decay), A' 231 < 0.22(m~ bL /100GeV) at 2a (z/ M 
deep inelastic scattering), A' 232 < 0.3Q(rriq/100GeV) at la (i? M ), A 233 < 0.3Q(rriq/100GeV) 
at la (i? M ). 

In the case of a single dominant A 2j3 coupling, the neutralino decays as Xi ~^ fiUjb and 
the semileptonic decay of the b-quark could affect the analysis efficiency Therefore in this 
case, the precise sensitivity cannot be simply calculated by scaling the value obtained for 
A 211 . Nevertheless, the order of magnitude of the sensitivity which can be inferred from 
our analysis should be correct. 

The range of SUSY parameters in which the constraint on a given A' 2jA , coupling constant 
obtained via the three leptons analysis is stronger than the relevant low-energy bound 
depends on the low-energy bound itself as well as on the values of the cross section for 
the single chargino production via the considered \' 2 j k coupling. 
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Finally, we remark that while the low-energy constraints on the A 2jfe couplings become 
weaker as the squark masses increase, the sensitivities on those couplings obtained from 
the three leptons analysis are essentially independent of the squark masses as long as 
rriq > m-± (recall that the branching ratio of the decay xf ~^ QQXi is greatly enhanced 
when rriq < rn^k). 

We end this section by some comments on the effect of the supersymmetric R p conser- 
ving background to the 3 lepton signature. In order to illustrate this discussion, we consider 
the results on the A' 211 coupling constant. 

We see from Table 5 that the SUSY background to the 3 lepton final state can affect 
the sensitivity on the A' 211 coupling constant obtained by considering only the Standard 
Model background, which is shown in Fig. 10, only in the region of small superpartner 
masses, namely in the domain mi/ 2 ~ 300GeU for tan/? = 1.5, sign(fi) < and assuming 
a luminosity of C = lfb^ 1 . 

In contrast with the SUSY signal amplitude which is increased if A' 211 is enhanced, the 
SUSY background amplitude is typically independent on the value of the A' 211 coupling 
constant since the superpartner pair production does not involve ft p couplings. Therefore, 
even if we consider the SUSY background in addition to the Standard Model one, it is 
still true that large values of the A' 211 coupling can be probed over a wider domain of the 
SUSY parameter space than low values, as can be observed in Fig. 10 for m±/2 ~ 300Ge^. 
Note that in Fig. 10 larger values of A 211 could have been considered as the low-energy 
bound on this ft p coupling, namely A' 211 < 0.09(m^ fl /100G'eU) [4], is proportional to the 
squark mass. 

Finally, we mention that further cuts, as for instance some cuts based on the superpartner 
mass reconstructions (see Section 4.5), could allow to reduce the SUSY background to 
the 3 lepton signature. 

High tan j3 scenario 

In mSUGRA, for large values of tan (5 and small values of mo compared to m^, due to 
the large mixing in the third generation sfermions, the mass of the lighter f x slepton can 
become smaller than m~±, with the sneutrino remaining heavier than the xf so that the 

Al 

xfl T production rate can still be significant. In this situation, the efficiency for the 3 lepton 
signature arising mainly through, xf —> ^t v ri ~^ Xi r± i Xi ~^ ifujdk, can be enhanced 
compared to the case where the 3 lepton signal comes from, xf ~^ X?^ ±z/ ? Xi ~ * lf u jdk- 
Indeed, the branching ratio B(xf — > ^i^r) can reach ~ 100%, B(ff -> x?r ± ) ~ 100%, 
since the Xi is the LSP, B(t — > luiu T ) = 35% (I = e, /i) and the r-jets can be reconstructed 
at Tevatron Run II. However, in such a scenario the increased number of tau leptons in the 
final state leads to a softer charged lepton spectrum which tends to reduce the efficiency 
after cuts. Therefore, for relatively small values of m compared to m 1 /2, the sensitivity 
obtained in the high tan f3 scenario is essentially unaffected with respect to the low tan (3 
situation, unless mo is small enough to render m fl and m^o almost degenerate. As a matter 
of fact, in such a situation, the energy of the tau produced in the decay ff 1 — > Xi r± often 
falls below the analysis cuts. Therefore, this degeneracy results in a loss of signal efficiency 
after cuts, at small values of mo compared to mi/2, and thus in a loss of sensitivity, with 
respect to the low tan (5 situation. This can be seen by comparing Fig.10, Fig.ll and 
Fig.14, Fig. 15. Indeed, the decrease of the sensitivity on mi/ 2 at low m is stronger for 
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Fig. 14: Discovery contours at 5a (full line), 3a (dashed line) and limit at 95% C.L. 
(dotted line) presented in the plane m versus m^, for sign(fi) < 0, tan/? = 50, A' 211 = 
0.09 and different values of luminosity. The upper (lower) curves are obtained without 
(with) the reconstruction of the tau-jets. 

high tan/? (see Fig. 14) than for low tan/? (see Fig. 10). Similarly, the decrease of the 
sensitivity on A' 211 at low m is stronger for high tan (3 (see Fig. 15) than for low tan (3 (see 
Fig.ll). * 

The effect on the discovery potential of the single chargino production rate increase at 
large tan/3 values shown in Fig. 2 is hidden by the large tan/3 scenario influences on the 
cascade decays described above. 

In contrast with the low tan/3 scenario (see Section 4.5), the sensitivity on the SUSY 
parameters depends in a significant way on the reconstruction of the tau-jets in case where 
tan/3 is large, as can be seen in Fig. 14 and Fig. 15. The reason is the increased number 
of tau leptons among the final state particles in a large tan j3 model. This is due to the 
decrease of the lighter stau mass which tends to increase the B(xf — > Xi T±l> T ) branching 
ratio. 
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Fig. 15: Discovery contours at 5a (full line), 3a (dashed line) and limit at 95% C.L. 
(dotted line) presented in the plane A 211 versus the m parameter, for sign(fi) < 0, 
tan/3 = 50, M 2 = 200GeV and different values of luminosity. The upper (lower) curves 
are obtained without (with) the reconstruction of the tau-jets. 

Discovery potential for the A' ljfe and A 3jfc coupling constants 

In Fig. 16, we present the 3a and 5a discovery contours and the limits at 95% confi- 
dence level in the plane m versus mi/2, for sign(/i) < 0, tan/3 = 1.5, A' 311 = 0.10 and 
various values of the luminosity. In Fig. 17, the discovery potential is shown in the A' 311 - 
m plane for M 2 = 200GeV. Comparing Fig.16, Fig. 17 and Fig. 10, Fig.ll, we see that 
the sensitivity on the SUSY parameters is weaker in the case of a single dominant A 311 
coupling than in the case of a single dominant A' 211 coupling. The reason is that in the 
case of a single dominant A 3jfe coupling constant, tau leptons are systematically produced 
at the chargino production level pp — > xfr T (see Fig. 1(a)) as well as in the LSP decay 
Xi — > TUjdk (see Section 4.1), so that the number of tau leptons among the 3 charged 
leptons of the final state is increased compared to the dominant A 2jfe case. The decrease 
in sensitivity is due to the fact that a lepton (electron or muon) generated in a tau decay 
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Fig. 16: Discovery contours at ha (full line), 3a (dashed line) and limit at 95% C.L. 
(dotted line) presented in the plane m versus m^, for sign(fi) < 0, tan/3 = 1.5, A 311 = 
0.10 and different values of luminosity. The upper (lower) curves are obtained without 
(with) the reconstruction of the tau-jets. 

has an higher probability not to pass the analysis requirements concerning the particle 
energy and that the reconstruction efficiency for a tau decaying into a jet is limited. 
Nevertheless, the discovery potentials of Fig. 16 and Fig. 17 represent also an impor- 
tant improvement with respect to the experimental mass limits from LEP measurements 
[34, 51] and to the low-energy indirect constraint A' 311 < 0.10(mj /lOOGeV) at la (from 

T~ -> TT~U T ) [4]. 

We also observe in Fig. 16 and Fig. 17 that the results obtained from the Xi tT production 
analysis in the case of a single dominant A 3jfc coupling depend strongly on the reconstruc- 
tion of the tau-jets. This is due to the large number of tau leptons among the 3 charged 
leptons of the considered final state. 

Using the same method and same SUSY point as in Section 4.5, we have estimated 
the sensitivity on all the A 3fc coupling constants from the sensitivity obtained on A' 311 
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Fig. 17: Discovery contours at 5a (full line), 3a (dashed line) and limit at 95% C.L. 
(dotted line) presented in the plane X' 3U versus the m parameter, for sign(fi) < 0, 
tan/3 = 1.5, M 2 = 200GeV and different values of luminosity. The upper (lower) curves 
are obtained without (with) the reconstruction of the tau-jets. 
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Tab. 7: Sensitivities at 95%CL on the X' 3 j k coupling constants derived from the sensitivity 
on A' 311 for a luminosity of C = 2fb~ 1 and the following set of SUSY parameters, tan (3 = 
1.5, M 2 = 200GeV, \l = -200GeV and m = 180GeV . 



at 95%CL for a luminosity of C = 2fb~ 1 . The results are given in Table 7. All the 
sensitivities on the fl p couplings presented in Table 7, except those on A' 32fc , are stronger 
than the present indirect limits on the same couplings : A' 31fc < 0.10(m^ kR /100GeV) 
at la (t~ -»• 7i- u T ), X' 32k < 0.20 (for mj = m~ q = lOOGeV) at la (D° - D° mix), 
\' 33k < 0A8(mg/100GeV) at la (R T ) [4]. 
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We mention that in the case of a single dominant A 3j - 3 coupling, the neutralino decays as 
Xi —> TUjb so that the b semileptonic decay could affect a little the analysis efficiency 

We discuss now the sensitivities that could be obtained on a single dominant A' ljfe 
coupling constant via the analysis of the reaction pp — ► xt eT (see Fig. 1(a)). Since the cross 
section of the xf e T production through A' lj7c is equal to the rate of the xt^ T production 
via \' 2 j k , for same j and k indices (see Section 3.1), the sensitivity obtained on a A' ljfe 
coupling constant is expected to be identical to the sensitivity on A 2jfe . If we assume that 
the sensitivities obtained on the A' ljfe couplings are equal to those presented in Table 6, 
we remark that for the SUSY point chosen in this table only the sensitivities expected 
for the A' 112 , A' 113 , A' 121 , A' 131 and A' 132 couplings are stronger than the corresponding low- 
energy bounds : \' uk < 0.02(m^ kR /100GeV) at 2a (Charged current universality), A'^ < 
0M5(rriq jL /100GeV) at 2a (Atomic parity violation), A' 132 < 0.34 at la for nig = lOOGeV 
(R e ) [4]. The reason is that the low-energy constraints on the A' ljfe couplings are typically 
more stringent than the limits on the A' 2jfe couplings [4]. 

Mass reconstructions 

The Xi neutralino decays in our framework as Xi ~^ hujdk through the A^- fc cou- 
pling constant. The invariant mass distribution of the lepton and the 2 jets coming from 
this decay channel is peaked at the Xi mass. The experimental analysis of this invariant 
mass distribution would thus be particularly interesting since it would allow a model 
independent determination of the lightest neutralino mass. 

We have performed the Xi mass reconstruction based on the 3 lepton signature analy- 
sis. The difficulty of this mass reconstruction lies in the selection of the lepton and the 2 
jets coming from the Xi decay. In the signal we are considering, the only jets come from 
the Xi decay, and of course from the initial and final QCD radiations. Therefore, if there 
are more than 2 jets in the final state we have selected the 2 hardest ones. It is more subtle 
for the selection of the lepton since our signal contains 3 leptons. We have considered the 
case of a single dominant coupling of type \' 2 j k and focused on the t[i\i final state. In these 
events, one of the is generated in the decay of the produced sneutrino as z> M — > xt^ 
and the other one in the decay of the Xi as Xi ~^ (^Ujdk, while the electron comes from 
the chargino decay xt ~^ Xi e±u e- Indeed, the dominant contribution to the single char- 
gino production is the resonant sneutrino production (see Fig.l). In order to select the 
muon from the Xi decay we have chosen the softer muon, since for relatively important 
values of the — m~± mass difference the muon generated in the sneutrino decay is 
the most energetic. Notice that when the and xt masses are close to one another, the 
sensitivity on the SUSY parameters suffers a strong decrease as shown in Section 4.5. 

We present in Fig. 18 the invariant mass distribution of the muon and the 2 jets pro- 
duced in the Xi decay. This distribution has been obtained by using the selection criteria 
described above and by considering the mSUGRA point : m = 200GeU, M 2 = !50GeV, 
tan/3 = 1.5, sign(^) < and A' 211 = 0.09 (m^o = 77.7GeV, m~± = 158.3GeU, m i>L = 
236GeU). We also show on the plot of Fig. 18 the fit of the invariant mass distribution. As 
can be seen from this fit, the distribution is well peaked around the Xi generated mass. 
The average reconstructed Xi mass is of 71 ± 9GeV. 

We have also performed the xt an d ^ mass reconstructions based on the 3 lepton 
signature analysis in the scenario of a single dominant coupling of type \' 2 j k . The xt an d 
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Fig. 18: Distribution of the softer \x + 2j invariant mass in the e + fi + fi + 2j + u 
events, for a luminosity of C = 10/fe -1 . The sum of the WZ, ZZ and tt backgrounds 
is in black and the SUSY signal is in grey. The mSUGRA point taken for this figure is 
m = 200GeV, M 2 = 150GeV, tan/? = 1.5 and sign(ji) < (m^o = 77.7GeV) and the 
considered ftp coupling is A' 211 = 0.09. The average reconstructed Xi mass is 71 ± 9 GeV. 



masses reconstructions are based on the 4-momentum of the neutrino present in the 
31 + 2j + v final state (see Section 4.1). The transverse component of this momentum 
can be deduced from the momentum of the charged leptons and jets present in the final 
state. However, the longitudinal component of the neutrino momentum remains unknown 
due to the poor detection at small polar angle values. Therefore, in this study we have 
assumed a vanishing longitudinal component of the neutrino momentum. Besides, we have 
focused on the e\i\i events as in the Xi niass reconstruction study. In this context, the 
cascade decay initiated by the produced lightest chargino is xf ~^ Xi e±iy e, Xi ~^ fM^Ujdk- 
Therefore, the xf has been reconstructed from the softer muon, the 2 jets, the electron 
and the neutrino present in the final state, since the softer muon is mainly generated in 
the Xi decay as explained above. The z> M has then been reconstructed from the xf and 
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Fig. 19: Distributions of the e + softer \i + 2 j + v (upper plot) and e + /i + /i + 2j + z/ 
(lower plot) invariant masses in the e + fi + fi + 2j + u events, for a luminosity of C = 
10fb-\ The mSUGRA point taken for these figures is m = 200GeV, M 2 = IbOGeV, 
tan/? = 1.5 and sign(fi) < (jn^± = 158.3GeV, rap^ = 236GeV) and the considered 
ftp coupling is A' 211 = 0.09. The average reconstructed masses are m~± = 171 ± 35GeV 
and m^ L = 246 ± 32GeV. 

the leading muon of the final state. This was motivated by the fact that the dominant 
contribution to the single chargino production is the reaction pp — > — >• xtf^ ( see 
Fig.l). 

In Fig. 19, we present the xt an d u n mass reconstructions performed through the 
method presented above. We also show on the plots of Fig. 19 the fits of the invariant mass 
distributions. As can be seen from those fits, the distributions are well peaked around the 
Xi and v^l generated masses. The average reconstructed masses are m^± = 171 ± ZhGeV 

and mp L = 246 ± 32GeV. This study on the xt an d v^l masses shows that based on a 
simplified mass reconstruction analysis promising results are obtained from the 3 lepton 
signature generated by the single Xi production. The Xi an d v^l mass reconstructions 
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can be improved using constrained fits. 

In the hypothesis of a single dominant coupling constant of type A' ljfe , exactly the 
same kind of Xi: xt an d mass reconstructions can be performed by selecting the 
e + e + fi + 2j + u events. In contrast, the case of a single dominant X' 3 j k coupling requires 
more sophisticated methods. 

As a conclusion, in the case of a single dominant coupling constant of type A' ljfe or 
\' 2 jki the x\i xt an( i mass reconstructions based on the 3 lepton signature generated by 
the single xt production at Tevatron can easily give precise results, in contrast with the 
mass reconstructions performed in the superpartner pair production analysis at hadronic 
colliders which suffer a high combinatorial background [44]. 

Model dependence of the results 

In this Section, we discuss qualitatively the impact on our results of the choice of our 
theoretical model, namely mSUGRA with the infrared fixed point hypothesis for the top 
quark Yukawa coupling. We focus on the discovery potentials obtained in Sections 4.5, 
4.5 and 4.5, since the choice of the theoretical framework does not influence the study of 
the neutralino mass reconstruction made in Section 4.5 which is model independent. 

The main effect of the infrared fixed point approach is to fix the value of the tan/3 
parameter, up to the ambiguity on the low or high solution. Therefore, the infrared fixed 
point hypothesis has no important effects on the results since the dependences of the single 
gaugino productions rates on tan/? are smooth, in the high tan/3 scenario (see Section 
3.1). 

As we have mentioned in Section 2, in the mSUGRA scenario, the \fj,\ parameter is 
fixed. This point does not influence much our results since the single gaugino production 
cross sections vary weakly with as shown in Section 3.1. 

Another particularity of the mSUGRA model is that the LSP is the Xi m most of the 
parameter space. For instance, in a model where the LSP would be the lightest chargino or 
a squark, the contribution to the three lepton signature from the xt^ production would 
vanish. 

Finally in mSUGRA, the squark masses are typically larger than the lightest chargino 
mass so that the decay xt ~^ Xi^ ±u has a branching ratio of at least ~ 30% (see Section 
4.1). In a scenario where m-± > rrig, the two-body decay xt ~ * QQ would be dominant 
so that the contribution to the three lepton signature from the xt^ production would 
be small. Besides, in mSUGRA, the xt ~ Xi mass difference is typically large enough to 
avoid significant branching ratio for the decay of the lightest chargino which would 
result in a decrease of the sensitivities on the SUSY parameters presented in Sections 4.5, 
4.5 and 4.5. 

In a model where the contribution to the three lepton signature from the x^^ produc- 
tion would be suppressed, the three lepton final state could be generated in a significant 
way by other single gaugino productions, namely the x ±v i X°l T or 5d v productions. 
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5 Like sign dilepton signature analysis 



5.1 Signal 

Within the context of the mSUGRA model, three of the single gaugino productions 
via X' i j k presented in Section 3.1 can generate a final state containing a pair of same sign 
leptons. As a matter of fact, the like sign dilepton signature can be produced through the 
reactions pp -> £?Zf I PP -> X^f, X° ~> Xi + X ( X ^ l± ) 5 -> xt ^ Xi99 and 

- *■ X.f u h Xi ~ Xi^ ±z/ > * corresponding to the flavour index of the A^- fc coupling. Indeed, 
since the Xi is a Majorana particle, it decays via A^- fe into a lepton, as Xi ~^ h u jdk, an d 
into an anti-lepton, as Xi ~^ hujdk, with the same probability. The X^jti xflf an d xf^i 
productions do not bring significant contributions to the like sign dilepton signature due 
to their relatively small cross sections (see Section 3.1). 

In mSUGRA, the most important contribution to the like sign dilepton signature 
originates from the xV-t production since this reaction has a dominant cross section in 
most of the mSUGRA parameter space, as shown in Section 3.1. The other reason is 
that if Xi is the LSP, the xV-t production rate is not affected by branching ratios of any 
cascade decay since the Xi om y decays through ft p coupling. 

5.2 Standard Model background of the like sign dilepton signa- 
ture at Tevatron 

The 66 production can lead to the like sign dilepton signature if both of the b quarks 
decay semi-leptonically. The leading order cross section of the bb production at Tevatron 
for an energy of y/s = 2TeV is a(pp — » bb) ss 4.654 10 10 /6. This rate has been calculated 
with PYTHIA [37] using the CTEQ2L structure function. 

The tt production, followed by the decays t — > W + b — > l + ub, t — > W~b — > qqb — > 
qql + vc, or t — > W + b — > qqb — > qql~uc, t — > W^ _ 6 — > Z~z/6, also generates a final state with 
two same sign leptons. The leading order cross section of the tt production at y/s = 2TeV, 
including the relevant branching ratios, is a(pp — > tt)x2xB(W — > l p u p )xB(W — > q v q v <) ~ 
3181/6 (2800/6) for m iop = 170GeV (175GeV) with p,p' = 1, 2, 3. 

The third important source of Standard Model background is the tb/tb production 
since the (anti-)6 quark can undergo a semi-leptonic decay as b — > Z~z/c (6 — > Z + z/c) and 
the (anti-) top quark can decay simultaneously as t — > 6W + — > 6Z + z/ (i — * 6W _ — > bl~V). 
The leading order cross section at ^/s = 2TeV including the branching fraction is cr(pp — > 
tg, tq) x B(W -> Zpi/p) « 802/6 (687/6) for m top = 170GeV (175GW) with p = 1, 2, 3. 

Other small sources of Standard Model background are the W ± W^ production, fol- 
lowed by the decays : W — > lu and W — > 6m p (p = 1,2) or W — > 6w p and W — > 6w p 
(p = 1,2), the W ± Z° production, followed by the decays : W — > Zz/ and Z — > 66 or 
W — > g p g p / and Z — > 66, and the Z°Z° production, followed by the decays : Z — > 11 and 
Z — > 66 or Z — > g p g p and Z — > 66. 

Finally, the 3 lepton final states generated by the Z°Z° and W ± Z° productions (see 
Section 4.2) can be mistaken for like sign dilepton events in case where one of the leptons 
is lost in the detection. Non-physics sources of background can also be caused by some 
fake leptons or by the misidentification of the charge of a lepton. 

Therefore for the study of the Standard Model background associated to the like sign 
dilepton signal at Tevatron Run II, we consider the 66, the tt, the W ± W T and the single 
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top production and both the physics and non-physics contributions generated by the 
W ± Z° and Z°Z° productions. 

5.3 Supersymmetric background of the like sign dilepton signa- 
ture at Tevatron 

All the pair productions of superpartners are a source of SUSY background for the 
like sign dilepton signature originating from the single gaugino productions. Indeed, both 
of the produced superpartners initiate a cascade decay ended by the fl p decay of the LSP 
through A^- fe , and if the two LSP's undergo the same decay Xi ~^ h u jdk or x\ — ■> hujdk, 
two same sign charged leptons are generated. Another possible way for the SUSY pair 
production to generate the like sign dilepton signature is that only one of the LSP's decays 
into a charged lepton of a given sign, the other decaying as Xi ~ * ^idjdk, and a second 
charged lepton of the same sign is produced in the cascade decays. 

The cross sections of the superpartners pair productions have been studied in Section 

4.3. 

5.4 Cuts 

In order to simulate the single chargino productions pp — > xf/ T , pp — > Xi v an d the 
single neutralino production pp — > Xi^ T &t Tevatron, the matrix elements (see Appen- 
dix 1) of these processes have been implemented in a version of the SUSYGEN event 
generator [49] allowing the generation of pp reactions [50]. The Standard Model back- 
ground (PU ± PU =F , W ± Z°, Z°Z°, tb/tb, ti and bb productions) has been simulated using 
the PYTHIA event generator [37] and the SUSY background (all SUSY particles pair pro- 
ductions) using the HERWIG event generator [48]. SUSYGEN, PYTHIA and HERWIG 
have been interfaced with the SHW detector simulation package [42] (see Section 4.4). 

Several selection criteria have been applied in order to reduce the background. 
First, we have selected the events containing two same sign muons. The reason is that in 
the like sign dilepton signature analysis we have focused on the case of a single dominant 
fi p coupling constant of the type A' 2jfc . In such a scenario, the two same charge leptons 
generated in the Xi^ production, which represents the main contribution to the like sign 
dilepton final state (see Section 5.1), are muons (see Fig.l and Section 5.1). This requi- 
rement that the 2 like sign leptons have the same flavour allows to reduce the Standard 
Model background with respect to the signal. 

We require a number of jets greater or equal to two with a transverse momentum 
higher than lOGeV, namely Nj > 2 with Pt(j) > lOGeU. This jet veto reduces the 
non-physics backgrounds generated by the W ± Z Q and Z°Z° productions (see Section 5.2) 
which produce at most one hard jet (see Section 4.4). 

Besides, some effective cuts concerning the energies of the 2 selected muons have been 
applied. In Fig. 20, we present the distributions of the 2 muon energies in the like sign 
dimuon events generated by the Standard Model background (IF^IU^, W ± Z° , Z°Z°, ti, 
tb/tb and bb) and the SUSY signal. Based on these distributions, we have chosen the 
following cuts on the muon energies : E(fi 2 ) > 20GeV and E(ni) > 20GeV. 

We will refer to all the selection criteria described above, namely 2 same sign muons 
with E(n 2 ) > 20GeV and E^) > 20GeV, and Nj > 2 with P t (j) > lOGeV, as cut 1. 
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FlG. 20: Distributions of the 2 muon energies (in GeV) in the events containing 2 same sign muons and 
at least 2 jets generated by the Standard Model background (lower curve), namely the W^W^ , W^Z , 
Z°Z°, ti, tb/ib and bb productions, and the SUSY signal (upper curve), for X' 211 = 0.05, Mi = 2506*6^, 
mo = 200Ge^, tan/3 = 1.5 and sign(/i) < 0. The left plots represent the leading muon distributions and 
the right plots the second leading muon distributions. The numbers of events correspond to an integrated 
luminosity of C = 10/6 -1 . 

Let us explain the origin of the two peaks in the upper left plot of Fig. 20. This will 
be helpful for the mass reconstruction study of Section 5.5. 

The main contribution to the like sign dimuon signature from the SUSY signal is the 

production (see Section 5.1) in the case of a single dominant X' 2 j k coupling. Furthermore, 

the dominant contribution to this production is the reaction pp — > fif — > xl^. In this 

reaction, the fi produced together with the x? has an energy around Elfi^) w (m?± + 

n L 

m fi ± ~ m |o)/2m-± = 121.9(^6^ for the SUSY point considered in Fig. 20, namely M2 = 
250GeV, m = 200Gel / , tan/5 = 1.5 and sign(fi) < 0, which gives rise to the mass 
spectrum : m^o = 127.1GeV, m^o = 255.3GeV, m-± = 255. 3GeV, m ; -± = 298GeV and 
m-± = 29AGeV. This energy value corresponds approximatively to the mean value of the 
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right peak of the leading muon energy distribution presented in the upper left plot of 
Fig. 20. This is due to the fact that the leading muon in the dimuon events generated by 
the reaction pp — > XiA i± is the ^ produced together with the Xi f° r relatively important 
values of the m-± — m^o mass difference. The right peak in the upper left plot of Fig. 20 
is thus associated to the Xil^ production. 

Similarly, the left peak in the upper left plot of Fig. 20 corresponds to the reactions pp — > 
— > x?,^ an d pp — > VjxL — ► xf^ T which produce ^ of energies around E^^ (m?± + 
mj± - m|o)/2m-± = 39.6GeU and E(/i ± ) « (m?^ + mj± - ffl2 ± )/2mp (it = 36.2GeU, 

respectively. The xt u n production represents a less important contribution to the like 
sign dimuon events compared to the 3 above single gaugino productions since the 2 same 
sign leptons generated in this production are not systematically muons and the involved 
branching ratios have smaller values (see Section 5.1). 

Finally, since the leptons produced in the quark b decays are not well isolated (as in 
the W±W^, W ± Z°, Z°Z°, it, tb/tb and bb productions), we have applied some cuts on 
the lepton isolation. We have imposed the isolation cut AR = \?5(j) 2 + 59 2 > 0.4 where 
is the azimuthal angle and 6 the polar angle between the 2 same sign muons and the 
2 hardest jets. This cut is for example motivated by the distributions shown in Fig. 21 
of the AR angular difference between the second leading muon and the second leading 
jet, in the like sign dimuons events generated by the SUSY signal and Standard Model 
background. We call cut AR > 0.4 together with cut 1, cut 2. 

In order to eliminate poorly isolated muons, we have also imposed that E < 2GeV, 
where E represents the summed energies of the jets being close to a muon, namely the 
jets contained in the cone centered on a muon and defined by AR < 0.25. This cut is 
for instance motivated by the distributions shown in Fig. 22 which represent the summed 
energies E of the jets being close to the second leading muon in the like sign dimuons 
events generated by the SUSY signal and Standard Model background. We denote cut 
E < 2GeV plus cut 2 as cut 3. 

The selected events require high energy charged leptons and jets and can thus be easily 
triggered at Tevatron. Moreover, the considered charged leptons and jets are typically 
emitted at intermediate polar angles and would thus be often detected at Tevatron. These 
points are illustrated in Fig. 23 where are shown the energy and polar angle distributions of 
the leading muon and the leading jet in the like sign dimuons events selected by applying 
cut 3 and generated by the SUSY signal and Standard Model background. 

In Table 8, we give the numbers of like sign dilepton events expected from the Standard 
Model background at Tevatron Run II with the various cuts described above. We see in 
Table 8 that the main source of Standard Model background to the like sign dilepton 
signature at Tevatron is the it production. This is due to its important cross section 
compared to the other Standard Model backgrounds (see Section 5.2) and to the fact that 
in the it background, in contrast with the bb background, only one charged lepton of the 
final state is produced in a 6-jet and is thus not isolated. 

In Table 9, we give the number of like sign dilepton events generated by the SUSY 
background (all superpartners pair productions) at Tevatron Run II as a function of the 
m and m 1 / 2 parameters for cut 3. This number of events decreases as m and 
increase due to the behaviour of the summed superpartners pair production cross section 
in the SUSY parameter space (see Section 4.3). 
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FlG. 21: Distributions of the AR angular difference (in rad) between the second leading muon and the 
second leading jet in the like sign dimuons events selected by applying cut 1 and generated by the Standard 
Model background (curve in black), namely the W ± W Z ^ , W^Z° , Z°Z° , tt, tb/tb and bb productions, and 
the SUSY signal (curve in grey), for X' 211 = 0.05, M% = 250GeV, mo = 200GeV, tan/3 = 1.5 and 
sign(fi) < 0. The numbers of events correspond to an integrated luminosity of C = 10/6 -1 . 



5.5 Results 

Discovery potential 

We first present the reach in the mSUGRA parameter space obtained from the analysis 
of the like sign dilepton final state at Tevatron Run II produced by the single neutralino 
and chargino productions via A' 211 : pp — » Xi2/ i± 5 PP ~^ xf^ T an d pp — > xf u n- The 



sensitivities that can be obtained on the \' 2 j k (j and k being not equal to 1 simultaneously), 
Ay fe and X' 3 j k coupling constants will be discussed at the end of this section. 

In Fig. 24, we present the 3a and 5<r discovery contours and the limits at 95% confidence 
level in the plane m versus mi/ 2 , for sign(fi) < 0, tan/3 = 1.5, A' 211 = 0.05 and using a set 
of values for the luminosity. Those discovery potentials were obtained by considering the 
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FlG. 22: Distributions of the summed energies (E, in GeV) of the jets being close to the second leading 
muon, namely the jets contained in the cone centered on the second leading muon and defined by AR < 
0.25, in the like sign dimuons events selected by applying cut 2 and generated by the Standard Model 
background (lower curve), namely the W^W^ , W^Z° , Z°Z° , ti, tb/ib and bb productions, and the SUSY 
signal (upper curve), for X' 211 = 0.05, M 2 — 250GeV, ulq — 200GeV, tan/3 = 1.5 and sign(fx) < 0. These 
distributions were obtained after cut E < 2GeV , where E represents the summed energies of the jets 
being close to the leading muon, has been applied in these like sign dimuons events. The numbers of 
events correspond to an integrated luminosity of C = 10/6 -1 . 

Xi2/ i± ; Xi^ an d xt u tJ. productions and the background originating from the Standard 
Model. The signal and background were selected by using cut 3 described in Section 5.4. 
The reduction of the sensitivity on mx/2 observed in Fig. 24 as mo increases is due to the 
decrease of the Xi2/ i± 5 Xif^ an d Xx v n productions cross sections with the mo increase 
observed in Fig.5 and Fig.6. In Fig. 24, we also see that the sensitivity on m 1( / 2 is reduced 
in the domain m ~ 200GeV. This reduction of the sensitivity is due to the fact that in 
mSUGRA at low tan/3 and for large values of rai/2 and small values of mo, the LSP is 
the Right slepton lf R (i = 1, 2, 3). Therefore, in this mSUGRA region the dominant decay 
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FlG. 23: Energy (inGeV) and polar angle (9, indeg) distributions of the leading muon and the leading jet 
in the like sign dimuon events selected by applying cut 3 and generated by the Standard Model background 
(curve in black), namely the W^W^ , W ± Z°, Z°Z°, tt, tb/tb and bb productions, and the SUSY signal 
(curve in grey), for \' 211 — 0.05, M-i = 250GeV, mo = 200GeV, tan/3 = 1.5 and sign(^) < 0. The 
numbers of events correspond to an integrated luminosity of £ = 10/6 -1 . 

channel of the lightest neutralino is Xi ~> hr^T (* = 1, 2, 3) so that the Xi/ /± production, 
which is the main contribution to the like sign dilepton signature, leads to the 2/i ± + 2 jets 
final state only in a few cases. There are two reasons. First, in this mSUGRA scenario the 
charged lepton produced in the main Xi decay is not systematically a muon. Secondly, 
if the LSP is the Right slepton lf R it cannot decay in the case of a single dominant A^- fe 
coupling constant and it is thus a stable particle. 

The sensitivities presented in the discovery reach of Fig. 24 which are obtained from 
the like sign dilepton signature analysis are higher than the sensitivities shown in Fig. 10 
which correspond to the trilepton final state analysis. This is due to the 3 following points. 
First, the rate of the Xi^ production (recall that it represents the main contribution to 
the like sign dilepton final state) is larger than the a(pp xtfjF) cross section in most 
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VV Z 


Z Zj 


4-4- 
tt 


to/ to 


lotai 


cut 1 


0.21 ±0.06 


0.11 ±0.04 


21.80 ±0.70 


0.69 ±0.13 


22.81 ±0.71 


cut 2 


0.05 ±0.03 


0.03 ±0.03 


8.80 ±0.50 


0.28 ±0.08 


9.16 ±0.51 


cut 3 


0.03 ±0.03 


0.01 ±0.02 


0.64 ±0.13 


0.10 ±0.05 


0.78 ±0.14 



Tab. 8: Numbers of like sign dilepton events generated by the Standard Model background 
(W±W*, W ± Z°, Z°Z°, tt, tb/tb and bb productions) at Tevatron Run II for the cuts 
described in the text, assuming an integrated luminosity of C = lfb^ 1 and a center of 
mass energy of y/s = 2TeV. The numbers of events coming from the W ± W T and bb 
backgrounds have been found to be negligible after cut 3 is applied. These results have 
been obtained by generating 2 10 4 events for the W ± Z° production, 10 4 events for the 
W ± Z° (non-physics contribution), 3 10 4 events for the Z°Z°, 10 4 events for the Z°Z° 
(non-physics contribution), 3 10 5 events for the tt and 10 5 events for the tb/tb. 



mi/2 \ m 


lOOGeV 


200GeV 


300GeU 


AOOGeV 


500GeU 


100GeV 


101.64 


54.92 


44.82 


39.26 


38.77 


200GeV 


3.74 


4.08 


4.33 


4.56 


4.99 


300GeU 


1.04 


0.63 


0.61 


0.70 


0.66 



Tab. 9: Number of like sign dilepton events generated by the SUSY background (all 
superpartner pair productions) at Tevatron Run II as a function of the tuq and 
parameters for tan/5 = 1.5, sign(fi) < and A' 211 = 0.05. Cut 3 (see text) has been 
applied. These results have been obtained by generating 7500 events and correspond to 
an integrated luminosity of C = lfb^ 1 and a center of mass energy of = 2TeV. 

of the mSUGRA parameter space (see Section 3.1). Secondly, the Xi decay leading to the 
like sign dilepton final state in the case of the Xif^ production has a larger branching 
ratio than the cascade decay initiated by the xf which generates the trilepton final state 
(see Sections 4.1 and 5.1). Finally, at Tevatron Run II the Standard Model background of 
the like sign dilepton signature is weaker than the trilepton Standard Model background 
(see Tables 4 and 8). 

It is clear from Fig. 24 that at low values of the m and mi/ 2 parameters, high sensitivi- 
ties can be obtained on the A' 211 coupling constant. We have found that for instance at the 
mSUGRA point defined as m = 200GeV, = 200GeV, sign(fi) < and tan/? = 1.5, 
A 211 values of ~ 0.03 can be probed through the like sign dilepton analysis at Tevatron 
Run II assuming a luminosity of C = This result was obtained by applying cut 3 

described in Section 5.4 on the SUSY signal (x? ;2 A* ± , xt^ T an d xf u n productions) and 
the Standard Model background. 

We expect that, as in the three lepton signature analysis, interesting sensitivities could 
be obtained on other A' 2jfc coupling constants. 

The sensitivities obtained on the \' 3 j k couplings from the like sign dilepton signature 
analysis should be weaker than the sensitivities on the A 2jfe couplings deduced from the 
same study. Indeed, in the case of a single dominant X' 3 j k coupling the same sign leptons 
generated by the Xi T± production would be 2 tau leptons (see Fig. 1(d) and Section 5.1). 
Therefore, the like sign dileptons (e ± e ± or fi^n^) produced by the ft p signal would be 
mainly generated in tau decays and would thus have higher probabilities to not pass the 
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Fig. 24: Discovery contours at 5a (full line), 3a (dashed line) and limit at 95% C.L. 
(dotted line) obtained from the like sign dilepton signature analysis at Tevatron Run II 
assuming a center of mass energy of y/s = 2TeV. These discovery potentials are presented 
in the plane mo versus mi/ 2 , for sign(fi) < 0, tan/3 = 1.5, A' 211 = 0.05 and different values 
of luminosity. 



analysis cuts on the particle energy. Moreover, the requirement of e e or fx fx events 
would decrease the efficiency after cuts of the ft p signal due to the hadronic decay of the 
tau. Finally, the selection of two same flavour like sign dileptons (e ± e ± or ^i ± ^ ± ) would 
reduce the lX p signal, since each of the 2 produced taus could decay either into an electron 



232 



or a muon, and hence would not be an effective cut anymore. 

The sensitivities obtained on the A' ljfc couplings from the like sign dilepton signature study 
are expected to be identical to the sensitivities on the A 2jfc couplings obtained from the 
same study. Indeed, in the case of a single dominant \[j k coupling constant, the only 
difference in the like sign dilepton signature analysis would be that e ± e ± events should 
be selected instead of // ± // ± events (see Fig. 1(d) and Section 5.1). Nevertheless, a smaller 
number of A' ljfc couplings is expected to be probed since the low-energy constraints on the 
A' ljfe couplings are generally stronger than the limits on the X' 2 j k couplings [4]. 

In the high tan j3 case, the lightest stau f\ can become the LSP instead of the lightest 
neutralino, due to a large mixing in the third generation of charged sleptons. In such 
a situation, the dominant decay channel of the lightest neutralino is Xi ~^ t^t t . Two 
scenarios must then be discussed : if the single dominant fi p coupling is not of the type 
Ag jfe , the r^-LSP is a stable particle so that the reaction pp — » x'j'/f , representing the main 
contribution to the like sign dilepton final state, does not often lead to the 2/r t + 2 jets 
signature. If the single dominant fi p coupling is of the type \' 3 j k , the Xi T± production can 
receive a contribution from the resonant f-f production (see Fig. 1(d)) and the ff-LSP 
decays via A' 3jA , as fj 4 — > Ujd k so that the 2/r t + 2 jets signature can still be generated in 
a significant way by the pp — > Xi T± reaction. 

We end this Section by some comments on the effect of the supersymmetric R p conser- 
ving background to the like sign dilepton signature. In order to illustrate this discussion, 
we consider the results on the A' 211 coupling constant. 

We see from Table 9 that the SUSY background to the like sign dilepton final state 
can affect the sensitivity on the A' 211 coupling constant obtained by considering only the 
Standard Model background, which is shown in Fig. 24, only in the region of small super- 
partners masses, namely in the domain mi/ 2 ~ 300GeU for tan/3 = 1.5, sign(n) < and 
assuming a luminosity of C = 

In contrast with the SUSY signal amplitude which is increased if A' 211 is enhanced, the 
SUSY background amplitude is typically independent on the value of the A' 211 coupling 
constant since the superpartner pair production does not involve ft p couplings. Therefore, 
even if we consider the SUSY background in addition to the Standard Model one, it is 
still true that large values of the A' 211 coupling can be probed over a wider domain of the 
SUSY parameter space than low values, as can be observed in Fig. 24 for mi/ 2 ~ 300GeV. 
Note that in Fig. 24 larger values of A' 211 still respecting the indirect limit could have been 
considered. 

Finally, we mention that further cuts, as for instance some cuts based on the superpart- 
ners mass reconstructions (see Section 5.5), could allow to reduce the SUSY background 
to the like sign dilepton signature. 

Mass reconstructions 

The Xi an d II mass reconstructions can be performed in a model independent way via 
the like sign dilepton analysis. We have simulated these mass reconstructions based on 
the like sign dimuon events generated in the scenario of a single dominant A 2jfe coupling 
constant. In this scenario, the main SUSY contribution to the like sign dilepton signature, 
namely the Xit^ production, has the final state /i ± + /i ± + 2jets (see Section 5.1). Indeed, 
the produced Xi decays into ^Ujdk through A 2jfc . The muon generated together with the 
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Fig. 25: Distributions of the softer / u, ± + 2 leading jets (upper plots) and + ^ + 
2 leading jets (lower plots) invariant masses in the + /i ± + jets + events generated by 
the SUSY signal (x?2/ x± ; xtf^ an d Xx v n productions), for a luminosity of C = lOfb^ 1 . 
The 2 right plots are obtained by applying a cut in the upper left plot of Fig. 20 selecting 
only the peak associated to the XiA* production. The mSUGRA point taken for this figure 
is, m = 200GeV, M 2 = 250GeV, tan/3 = 1.5 and sign(/j,) < (m^o = 127.1GeV, m A ± = 
298.0GeV) and the considered coupling is A' 211 = 0.05. The average reconstructed 
masses are m^o = 116 ± HGeV and m~± = 285 ± 20^6^. 

Xi can be identified as the leading muon for relatively large m-± —m^i mass differences (see 
Section 5.4). Note that for nearly degenerate values of m-± and m^o the Xif^ production 
rate and thus the sensitivity on the SUSY parameters would be reduced (see Section 3.1). 
The muon created in the x? decay can thus be identified as the softer muon so that the 
Xi can be reconstructed from the the softer muon and the 2 jets present in the XiA* 
production final state. The other contributions to the like sign dimuons events can lead to 
some missing energy and at most 4 jets in the final state (see Section 5.1). Hence, we have 
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chosen to reconstruct the Xi from the 2 leading jets when the final state contains more 
than 2 jets. Once the x? has been reconstructed, the /if has been reconstructed from the 
Xi and the leading muon since the dominant contribution to the Xi/-^ production is the 
reaction pp — > /if — > XiA^- These mass reconstructions are represented in Fig. 25. In this 
figure, we also represent the same mass reconstructions obtained by applying a cut in the 
upper left plot of Fig. 20 excluding the peak associated to the x®^ and xf // T productions 
(see Section 5.4). The interest of this cut, as can be seen in Fig. 25, is to select the XiA i± 
production and thus to improve the accuracy on the Xi an d A^f reconstructions which 
are based on this production. We observe in Fig. 25 that the Xi reconstruction has less 
combinatorial background than the /if reconstruction. This comes from the fact that the 
selection of the softer muon and the 2 leading jets allows to reconstruct the x? even in the 
dimuon events generated by the x®^ an d Xil^ productions, while the selection of the 2 
muons and the 2 leading jets does not allow to reconstruct the /if in the dimuon events 
generated by the x®^ an d Xi productions (see Section 5.1). We have represented on 
the plots of Fig. 25 the fits of the invariant mass distributions. We see from these fits that 
the distributions are well peaked around the Xi and /if generated masses. The average 
reconstructed masses are m^o = 116 ± HGeV and m~± = 285 ± 20GeV. 

We note that the accuracy on the Xi (and thus on the /if) mass reconstruction could 
be improved if the distributions in the upper plots of Fig. 25 were recalculated by selecting 
the muon giving the x? mass the closer to the mean value of the peak obtained in the 
relevant upper plot of Fig. 25. 

In the hypothesis of a single dominant coupling constant of type A' ljfe or A' 3jA ., exactly 
the same kind of Xi and /if mass reconstructions can be performed by selecting the 
e ± + e ± + jets + Ifi or if + /f + jets + Ifi events, respectively. 

As a conclusion, the x? and /if mass reconstructions based on the like sign dilepton 
signature generated by the Xip^i Xit^ and xt u n productions at Tevatron can easily 
give precise results, in contrast with the mass reconstructions performed in the super- 
partner pair production analysis at hadronic colliders which suffer an high combinatorial 
background [44]. 

Model dependence of the results 

In our theoretical framework (see Section 2), the values of the |/z| and tan f3 (up to the 
ambiguity of low/high solution) parameters are predicted. This has no important effects 
on the results presented in Sections 5.5 as the single gaugino production cross sections 
vary weakly with these parameters (see Section 3.1). 

However, since we have worked within the mSUGRA model, the /f mass was typically 
larger than the x? mass. In a situation where mj± would approach m^o, the rate of the 
X?/f production, representing in mSUGRA the main contribution to the like sign dilepton 
signature (see Section 5.1), would decrease. Therefore, within a model allowing degenerate 
Zf and X? masses or even a /f lighter than the x?, other single gaugino productions than 
the pp — > Xi^t reaction could represent the major contribution to the like sign dilepton 
signature in some parts of the SUSY parameter space. 

Besides, in a situation where the LSP would not be the x?> the branching ratios of 
the x? decays violating R p would be reduced with respect to the case where the LSP is 
the x? ; as often occurs in mSUGRA. However, in such a situation, the like sign dilepton 
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signature could receive a significant contribution from a decay of the Xi different from 
the |? p channel. In those kinds of scenarios where the LSP is not the xi, the Xi^t produc- 
tion would not represent systematically the main contribution to the like sign dilepton 
signature. 

In the several scenarios described above where the Xi^t production is not the major 
contribution to the like sign dilepton signature, this signature could receive quite impor- 
tant contribution from the other single gaugino productions described in Section 3.1. 

6 Conclusion 

The single gaugino productions at Tevatron reach important cross sections thanks to 
the contributions of the resonant slepton productions. Hence, the analysis of the 3 charged 
leptons and like sign dilepton signatures generated by the single gaugino productions at 
Tevatron Run II would allow to obtain high sensitivities on many coupling constants, 
compared to the low-energy limits, in wide domains of the SUSY parameter space. This 
is also due to the fact that the Standard Model backgrounds associated to the 3 charged 
leptons and like sign dilepton final states at Tevatron can be greatly suppressed. 

From the supersymmetry discovery point of view, superpartner masses well beyond 
the present experimental limits could be tested through the analysis of the the 3 charged 
leptons and like sign dilepton signatures generated by the single gaugino productions at 
Tevatron Run II. If some of the ftp coupling constants values were close to their low-energy 
bounds, the single gaugino productions study based on the 3 charged leptons and like sign 
dilepton signatures would even allow to extend the region in the mo-rai/2 plane probed by 
the superpartner pair production analyses in the 3 charged leptons and like sign dilepton 
channels at Tevatron Run II. The reason is that the single superpartner production has 
a larger phase space factor than the superpartner pair production. 

Besides, the 3 charged leptons and like sign dilepton signatures generated by the single 
gaugino productions at Tevatron Run II would allow to reconstruct in a model independent 
way the Xi, Xi > and if masses with a smaller combinatorial background than in the 
superpartner pair production analysis. 

We end this summary by a comparison between the results obtained from the studies 
of the 3 charged lepton and like sign dilepton signatures generated by the single gaugino 
productions at Tevatron Run II. In the mSUGRA model, the like sign dilepton signature 
analysis would give rise to higher sensitivities on the SUSY parameters than the study 
of the 3 charged lepton final state. This comes notably from the fact that in mSUGRA, 
the xi is lighter than the xf so that the cross section of the Xi^ production, which is 
the main contribution to the like sign dilepton signature, reaches larger values than the 
cross section of the xfP production, representing the main contribution to the 3 charged 
lepton final state. 

Other interesting prospective studies concerning hadronic colliders are the analyses 
of the single gaugino productions occuring through resonant squark productions via A" 
coupling constants which we will perform in the next future. 
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1 Formulas for spin summed amplitudes 



In this Appendix, we give the amplitudes for all the single productions of supersym- 
metric particle at hadronic colliders, which can receive a contribution from a slepton 
resonant production. These single productions occur via the R p coupling \' i j k and corres- 
pond to the four reactions, qq — > xt Pj, qq — > X°Pj, qq — > Xah, QQ ~* Xah- Each of those 
four processes receives contributions from both the t and u channel (see Fig.l) and have 
charge conjugated diagrams. Note also that the contributions coming from the exchange 
of a right squark in the u channel involve the higgsino components of the gauginos. These 
contributions, in the case of the single chargino production, do not interfere with the s 
channel slepton exchange since the initial or final states are different (see Fig.l). In the 
following, we give the formulas for the probability amplitudes, squared and summed over 
the polarizations. Our notations closely follow the notations of [52]. In particular, the 
matrix elements N[ ' ■ are defined in the basis of the photino and the zino, as in [52] . 
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where, s = (p(d j ) - p(d k )) 2 , t = (p(d j ) - p(x a )) 2 and u = (p(u j ) - p(k)f 
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Abstract 



The resonant production of sneutrinos at the LHC via the R-parity violating couplings 
X'^LiQjDf. is studied through its three-leptons signature. A detailed particle level study 
of signal and background is performed using a fast simulation of the ATLAS detector. 
Through the full reconstruction of the cascade decay, a model-independent and precise 
measurement of the masses of the involved sparticles can be performed. Besides, this si- 
gnature can be detected for a broad class of super symmetric models, and for a wide range of 
values of several \'^ k coupling constants. Within the MSSM, the production of a 900 GeV 
sneutrino for A' 211 > 0.05, and of a 350 GeV sneutrino for \' 211 > 0.01 can be observed 
within the first three years of LHC running. 
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1 Introduction 



The most general superpotential respecting the gauge symmetries of the Standard 
Model (SM) contains bilinear and trilinear terms which are not taken into account in 
the Minimal Supersymmetric Standard Model (MSSM). Restricting to the trilinear part, 
these additional terms read as : 

w D E fyijkULjEi + KjkLiQjDt + ^KjkUZD'Dt), (1.1) 

where i,j,k are generation indices, L (Q) denote the left-handed leptons (quarks) su- 
perfields, and E c , D c and U c are right-handed superfields for charged leptons, down and 
up-type quarks, respectively. 

The first two terms in Eq.(l.l) lead to violation of the lepton number while the 
last one implies violation of the baryon number (jfi ). Since the simultaneous presence of 
I/> and-^ couplings could lead to a too fast proton decay, a discrete multiplicative symmetry 
which forbids the above terms in the superpotential has been imposed by hand in the 
MSSM. This symmetry, called R-parity (Rp), is defined as R p = (-if B + L + 2 S , where B, 
L and S respectively denote the baryon number, the fermion number and the spin, such 
that R p — — 1 (R p = 1) for all supersymmetric (SM) particles. However other solutions 
can ensure the proton stability, e.g. if L only is violated, or if only UfD^D^ interactions 
are allowed and the proton is lighter than the Lightest Supersymmetric Particle (LSP). 
Moreover, on the theoretical point of view, there is no clear preference, e.g. in models 
inspired by Grand Unified or string theories, between R p and R p conservation [1]. It is 
thus mandatory to search for SUSY in both scenarios. 

On the experimental side, the main consequence of R p lies in the possibility for the 
LSP to decay into ordinary matter. This is in contrast to scenarios where R p is conserved, 
in which the LSP is stable and escapes detection, leading to the characteristic search 
for missing energy signals in direct collider searches. Moreover, while in R p conserved 
models, the supersymmetric (SUSY) particles must be produced in pairs, R p allows the 
single production of superpartners, thus enlarging the mass domain where SUSY could be 
discovered. In particular, R p couplings offer the opportunity to resonantly produce super- 
symmetric particles [2, 3]. Although the R p coupling constants are severely constrained 
by the low-energy experimental bounds [1, 4, 5, 6, 7, 8], the superpartner resonant pro- 
duction can have significant cross-sections both at leptonic [4] and hadronic [9] colliders. 
This is this possibility which is exploited throughout this paper. 

The resonant production of supersymmetric particles is attractive for another reason : 
Since its rate is proportional to a power 2 of the relevant R p coupling, this reaction would 
allow an easier determination of the R p couplings than the pair production. In fact in 
the latter case, the sensitivity on the R p coupling is mainly provided by the displaced 
vertex analysis for the LSP decay, which is difficult experimentally especially at hadronic 
colliders. 

In this paper, we focus on the resonant SUSY particle production at the Large Hadron 
Collider (LHC) operating at a center of mass energy of 14 TeV with special reference to 
the ATLAS detector. At the LHC due to the continuous distribution of the centre of mass 
energy of the colliding partons, a parton-parton resonance can be probed over a wide 
mass domain. This is a distinct advantage over the situation at lepton colliders, where 
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the search for narrow resonances requires lengthy scans over the centre of mass energy of 
the machine. 

At hadronic colliders, either a slepton or a squark can be produced at the resonance 
through a A' or a A" coupling constant, respectively. In the hypothesis of a single do- 
minant fl p coupling constant, the resonant SUSY particle could decay through the same 
ftp coupling as in the production, leading then to a two quarks final state for the hard 
process [10, 11, 12, 13, 14]. In the case where both A' and A couplings are non- vanishing, 
the slepton produced via A' can decay through A giving rise to the same final state as in 
Drell-Yan process, namely two leptons [13, 15, 16, 17]. However, for most of the values 
of the ftp coupling constants allowed by present indirect searches, the decays of the re- 
sonant SUSY particle via gauge interactions are dominant if kinematically accessible [4]. 
In this favoured situation, typically, the produced superpartner initiates a cascade decay 
ended by the decay of the LSP. In case of a dominant A" coupling constant, due to 
the decay of the LSP into quarks, this cascade decay leads to multijet final states 
which have a large QCD background [9, 10]. Only if leptonic decays such as for instance 
xf — > kviXi enter the cascade clearer signatures can be investigated [18]. The situation 
is more favourable in the hypothesis of a single A' coupling constant, where the LSP can 
decay into a charged lepton, allowing then multileptonic final states to be easily obtained. 
We will thus assume a dominant A^- fc coupling constant. At hadronic colliders, either a i>i 
sneutrino or a U charged slepton can be produced at the resonance via A^- fc and the initial 
states are djdk and Ujdk, respectively. The slepton produced at the resonance has two 
possible gauge decays, either into a chargino or a neutralino. In both cases particularly 
clean signatures can be observed. For example, the production of a neutralino together 
with a charged lepton resulting from the resonant charged slepton production can lead 
to the interesting like-sign dilepton topology [19, 20] since, due to its Majorana nature, 
the neutralino decays via A^- fe into a lepton as x° ~^ h u jd>k and into an anti-lepton as 
X° — > hujdk with the same probability. 

In this article, we consider the single lightest chargino production at LHC as induced 
by the resonant sneutrino production pp — > z/j — > xth- The single xf production also 
receives contributions from the t and u channel squark exchange diagrams shown in Fi- 
gure 1. In many models, the Xi neutralino is the LSP for most of the SUSY parameter 
space. In the hypothesis of a Xi LSP, the produced xf chargino mainly decays into the 
neutralino as xf ~^ XiQpQp or as xf ~ * Xi^p u p- The neutralino then decays via A^- fc as 
Xi — > h u jdk, h^jdk or as Xi ~^ ^idjd^, Pidjd^. We concentrate on the decays of both the 
chargino and the neutralino into charged leptons, which lead to a three leptons final state. 
This signature has a low Standard Model background, and allows the reconstruction of 
the whole decay chain, thus providing a measurement of some parameters of the SUSY 
model. 

2 The signal 

2.1 Theoretical framework 

Our theoretical framework in sections 2 and 3 will be the ft p extension of the Minimal 
Supersymmetric Standard Model. In Section 4 we will also give results in the Minimal 
Supergravity (mSUGRA) model. The MSSM parameters are the following. Mi, M 2 and 
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FlG. 1: Feynman diagrams for the single chargino production at hadronic colliders via 
the X'^ k coupling (symbolised by a circle in the figure). The arrows denote the flow of the 
particle momentum. 

M3 are the soft-SUSY breaking mass terms for the bino, the wino and the gluino, res- 
pectively. \i is the Higgs mass parameter, tan/5 =< H u > / < Hd > is the ratio of the 
vacuum expectation values (vev) for the two-Higgs doublet fields. A t , A b and A T are the 
third generation soft-SUSY breaking trilinear couplings. In fact, since these trilinear cou- 
plings are proportional to the fermion masses one can neglect the first two generations 
couplings without any phenomenological consequence in this context. Finally, trig, mj and 
rriy are the squark, slepton and sneutrino mass, respectively. The value of the squark mass 
enters our study mainly in the determination of the relative branching ratios of the x° 
into lepton or neutrino and of the m to X° + quarks or x° + leptons. The remaining 
three parameters m 2 H , m 2 H and the soft-SUSY breaking bilinear coupling B are deter- 
mined through the electroweak symmetry breaking conditions which are two necessary 
minimisation conditions of the Higgs potential. 

We choose to study the case of a single dominant X' 2jk allowing the reactions pp — > 
X^l^- In section 3 the analysis will be performed explicitly for the A' 211 coupling, since 
it corresponds to the hard subprocess dd — > xtf^ which offers the highest partonic 
luminosity. We will take A' 211 =0.09, the upper value allowed by indirect bound : A' 211 < 
0.09(mj /lOOGeV) [1] for a squark mass of 100 GeV. A quantitative discussion will be 
given below for the general case of a single dominant A 2jfe coupling constant. We will not 
treat explicitly the X'^ k couplings which are associated to the x ±_e=F production, since the 
low-energy bounds on these couplings are rather more stringent than the constraints on 
X' 2 j k and \' 3 j k [1]. However, the three-leptons analysis from sneutrino production should 
give similar sensitivities on the X[j k and X' 2 j k couplings since isolation cuts will be included 
in the selection criteria for the leptons. We will not perform the analysis of the X' 3jk 
couplings which correspond to the x ±_rT production. A technique for mass reconstruction 
in the ATLAS detector using the hadronic decays of the r has been demonstrated in [21]. 
The detailed experimental analysis needed to extract a signal is beyond the scope of this 
work. Besides, in this case the sneutrino and chargino mass reconstruction studied in 
Section 3.1 is spoiled by the neutrinos produced in the r decay. 
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Fig. 2: Cross- sections for the xt'l 1 ^ production as a function of the fj, parameter through 
various \' 2 j k couplings, for tan (3=1.5, M 2 = 200 GeV and m„ = 400 GeV. In the case 
of X' 2U the cross-section for xf-/i T is also shown as the dashed line. The values of the 
1/Lp couplings have been chosen equal to : A' 211 = 0.09, A' 212 = 0.09, A' 213 = 0.09, A' 221 = 0.18, 
A' 222 = 0.18, A 223 = 0.18, A' 231 = 0.22, A 232 = 0.39 and A' 233 = 0.39, which correspond to 
the low-energy limits for a sfermion mass of 100 GeV [1]. 



2.2 Single chargino production cross-section 

In order to establish the set of models in which the analysis presented below can 
be performed, we need to study the variations of the single chargino production rate 
a{pp — > x^t) with the MSSM parameters. 

In Figure 2, we present the cross-sections for the xt - ^ production through several 
\' 2 j k couplings as a function of the \i parameter for the fixed values : tan/3=1.5, M 2 = 
200 GeV, and = 400 GeV. For this choice of parameters and independently of \i, 
the chargino Xi * s lighter than the v. In this case the contributions of squark exchange 
in the t and u channels are negligible compared to the resonant process so that the xt~ 
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/j, t production cross-section does not depend on the squark mass. The values for the 
considered coupling constants have been conservatively taken equal to the low-energy 
limits for a sfermion mass of 100 GeV [1]. The cross-sections scale as X'ijk- 
We see on this Figure that the dependence of the rates on \i is smooth for > M 2 . This is 
due to the weak dependence of the xf mass on \x in this domain. In contrast, we observe 
a strong decrease of the rate in the region < M 2 where the xf chargino is mainly 
composed by the higgsino. Most of the small domain smaller than ~ 100 GeV for 
tan/3 = 1.41 and itlq = 500 GeV) is however excluded by the present LEP limits [30]. 
We also show as a dashed line on the plot the rate for the xf-^ T production through the 
A 211 coupling. The decrease of the xf production rate with increasing is due to an 
increase of the xf mass. We will not consider the contribution to the three-leptons final 
state from the xf production since the rate becomes important only for a very limited 
range of small values not yet excluded by LEP data. 

Figure 2 also allows to compare the sensitivities that can be reached on various A 2jfe 
couplings using the single chargino production. If we compare for instance the cross- 
sections of the xf production via A' 211 and A' 221 at /i — —500 GeV, we can see that for 
equal values of the ]/L p couplings the ratios between the cross-sections associated to A' 211 
and A' 221 is ~ 2.17. Therefore, the sensitivity that can be obtained on A' 221 is only ~ V2.17 
times weaker than the sensitivity on A' 211 , for a 400 GeV sneutrino. Note that the cross- 
section ratio, and hence the scaling to be applied, in order to infer from the reach on A 211 
the sensitivity on another coupling A 2jfe , depends on the sneutrino mass. The reason is 
that the evolution of the parton densities with the x-Bjorken variable is different for sea 
quark and valence quark and for different quark flavours. 

In order to study the dependence of the cross-section on the masses of the invol- 
ved sparticles, the parameters mo and M 2 were varied, and the other model parameters 
affecting the cross-section were fixed at the values : A' 211 = 0.09, /i = —500 GeV and 
tan/3 = 1.5. The cross-section for xf-[i T production as a function of rriy and m-± is 
shown in Figure 3. Since the xt mass is approximately equal to M 2 as long as M 2 < 
and becomes equal to \n\ for M 2 > \fi\, we studied v masses between 100 and 950 GeV, 
and values of M 2 between 100 and 500 GeV. For increasing m„ the cross-section decreases 
due to a reduction of the partonic luminosity. A decrease of the cross-section is also ob- 
served for m-± approaching m„, since the phase space factor of the decay v — > xfn T 
following the resonant sneutrino production is then suppressed. In the region m~± > ma, 
the chargino production still receives contributions from the s channel exchange of a vir- 
tual sneutrino, as well as from the t and u channels squark exchange which in that case 
also contribute significantly. However, in this phase space domain where the resonant 
sneutrino production is not accessible, the cross-section is considerably reduced. 

Finally, the single chargino production rate depends weakly on the A trilinear cou- 
plings. Indeed, only the t and u channels squark exchange, varying with the squark mass 
which can be influenced by A, depends on these couplings. The dependence of the rate 
on the tan (5 parameter is also weak. 

2.3 Three leptons branching ratio 

We calculate the total three leptons rate by multiplying the single chargino cross- 
section by the chargino branching ratio, since we neglect the width of the chargino. The 
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Fig. 3: Cross-section for xt production as a function of nip andm^± in the MSSM for 
the choice of values // = —500 GeV, tan/5 = 1.5 and A' 211 = 0.09. The hatched region at 
the upper left corresponds to rriy < Tn^±. The cross-hatched region at low m~± is excluded 
by the preliminary LEP results at i/i = 196 GeV [30]. 



three-leptons final state is generated by the cascade decay xt ~^ Xilp u pi Xi ~^ flud. For 
777.5, m h m qi m x° > m xt 1 ^ ne criar gi no decays mainly into a real or virtual W and a Xi an d 
hence its branching fraction for the decay into leptons (lepton=e, //) is ~ 22%. 

In particular kinematic configurations, the fi p modes can compete with the gauge 
couplings, affecting the xt branching fractions. However, this does not happen as long 
as the chargino is sufficiently heavier than the neutralino, as is the case for example in 
supergravity inspired models. When x\ is the LSP, the branching ratio B(x® — > nud) 
ranges between ~ 40% and ~ 70%. For values of \fi\ much smaller than M2 the other 
allowed decay Xi ~^ v^dd becomes dominant, spoiling the three-leptons signature. 
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3 Experimental analysis 



3.1 Mass reconstruction 

The analysis strategy is based on the exploitation of the decay chain : 

^ -»■ Xi V~ 

U^S W+^e+(/r> (3.1) 
U [j± q q' 

which presents a sequence of three decays which can be fully reconstructed. The strong 
kinematic constraint provided by the masses of the three sparticles in the cascade is 
sufficient to reduce the contribution of the different background sources well below the 
signal rate. 

The signal events were generated with a version of the SUSYGEN MonteCarlo [22] 
modified to allow the generation of pp processes. The hard- subpro cess qq' — * x ± A tT is 
first generated according to the full lowest order matrix elements corresponding to the 
diagrams depicted in Figure 1. Cascade decays of the x's are performed according to the 
relevant matrix elements. The parton showers approach [23] relying on the DGLAP [24] 
evolution equations is used to simulate QCD radiations in the initial and final states, and 
the non-perturbative part of the hadronization is modeled using string fragmentation [23]. 
The events were then processed through the program ATLFAST [25], a parameterized 
simulation of the ATLAS detector response. 

In this section, the analysis will be performed for the ftp coupling A' 211 = 0.09 and for 
the following MSSM point : 

Mi = 75 GeV, M 2 = 150 GeV, n = -200 GeV, tan/3 = 1.5, A t = A b = A T = 0, m; = 300 
GeV. 

For this set of MSSM parameters, the masses of the relevant gauginos are : 

m,o = 79.9 GeV m~± = 162.3 GeV 

and the xf decay into an on shell W has a branching ratio of order 100%. The total 
cross-section for the resonant sneutrino production pp — > v is 37 pb. If we include the 
branching fractions into the three leptons, the cross-section is 3.3 pb, corresponding to 
~ 100000 events for the standard integrated luminosity of 30 fb" 1 for the first three years 
of LHC data taking. 

The signal is characterised by the presence of three isolated leptons and two jets. For 
the initial sample selection we require that : 

1 2 3 

- Exactly three isolated leptons are found in the event, with pj, > 20 GeV, p? > 
10 GeV, where pt is the momentum component in the plane perpendicular to the 
beam direction, and pseudorapidity \q\ < 2.5. 

- At least two of the three leptons must be muons. 

- At least two jets with p T > 15 GeV are found. 

- The invariant mass of any ji + pair is outside ±6.5 GeV of the Z mass. 

The isolation prescription on the leptons is necessary to reduce the background from the 
semileptonic decays of heavy quarks, and consists in requiring an energy deposition of less 
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Fig. 4: fx- jet- jet invariant mass for events in configuration 1. (see text) Left : exclusive 
two jet events with superimposed (hatched) the combinatorial background Right : Xi P^ak 
after background subtraction. 



than 10 GeV not associated with the lepton in a pseudorapidity-azimuth (77 — <p) cone of 
opening AR = 0.2 around the lepton direction. 

The efficiency for these cuts, after the branching fractions have been taken into ac- 
count, is ~ 25%, where half of the loss comes from requiring three isolated leptons, and 
the other half is the loss of jets from Xi decay either because they are not reconstructed, 
or because the two jets from the decay are reconstructed as a single jet . The Z mass cut 
gives a 10% loss in statistics. In order to avoid the combinatorial background from addi- 
tional QCD events we further require that no third jet with p? > 15 GeV is reconstructed 
in the event. The efficiency after this cut is ~ 15%. 

The reconstruction of the sparticle masses could be performed either starting from 
the Xi reconstruction and going up the decay chain, or trying to exploit the three mass 
constraints at the same time. We choose the first approach which is not optimal, but 
allows a clearer insight into the kinematics of the events. 

The first step in reconstruction of the Xi ~^ A 4 j e t j e t is the choice of the correct 
muon to attempt the reconstruction. The three leptons come in the following flavour-sign 
configurations (+ charge conjugates) : 

1. fi~e + ii + 

2. fi~e + ii~ 

3. fi~fi + fi + 

where the first lepton comes from the 9^, the second one from the W, and the third one 
from the xi decay, corresponding to three final state signatures : 1) two opposite sign 
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Fig. 5: Lepton-jet-jet invariant mass for exclusive two-jet events where the Xi lepton is 
uniquely defined, for four different values of the Xi mass : m^o=80, 150, 200 and 250 GeV. 
In all cases the sneutrino mass is set at 500 GeV, —fi = M 2 = 2M 1; and tan/3 = 1.5, 
yielding a xf mass twice the Xi mass. All the sfermion masses are set to 500 GeV. The 
normalisation is arbitrary. 



muons and an electron 5 , 2) two same-sign muons and an electron, 3-4) three muons. The 
configuration with three same-sign muons does not correspond to the required signature 
and is rejected in the analysis. For signature 1) the muon produced in the Xi decay is 
defined as the one which has the same sign as the electron. For configuration 2) both 
muons must be tested to reconstruct the Xv F° r configuration 3-4), the Xi muon must be 
one of the two same-sign ones. 

In order to minimise the combinatorial background we start the reconstruction from 
signature 1) where each lepton is unambiguously attributed to a step in the decay. The 
distribution of the /x-jet-jet invariant mass is shown in the left plot of Figure 4. A clear 

5 Here and in the following, "electron" stands for both e + and . 
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peak is visible corresponding to the Xi mass superimposed to a combinatorial background 
of events where one of the two jets from the Xi was l° s t an d a jet from initial state ra- 
diation was picked up. The combinatorial background can be evaluated using three-jet 
events, where at least one jet is guaranteed to come from initial state radiation. The shape 
of the combinatorial background estimated with this method is shown as the shaded his- 
togram superimposed to the signal peak. After background subtraction, an approximately 
gaussian peak with a width of ~ 4.5 GeV, and a statistics of about 1050 events is recons- 
tructed, shown in the right of Figure 4. If we consider a window of ±12 GeV around the 
peak, corresponding to ~ 2.5<r of the gaussian, ~ 1500 events are observed in the sample, 
and the combinatorial contamination is approximately ~ 30%. A tail towards low mass 
values is observed, corresponding to events where a fraction of the parton energy is lost 
in the jet reconstruction. From this distribution the x? mass can be measured with a 
statistical error of ~ 100 MeV. The measurement error will in this case be dominated by 
the systematic error on the jet energy scale which in ATLAS is estimated to be at the 
level of 1% [31]. 

The 30% combinatorial background is due to the 'soft' kinematics of the chosen example 
point, with a Xi which is both light and produced with a small boost. In order to show 
the effect of the mass hierarchy of the involved sparticles, the shape of the Xi mass peak is 
shown in Figure 5 for a sneutrino mass of 500 GeV and different choices for the Xi mass. 
In all cases the Xi mass is twice the Xi mass, corresponding to the gauge unification 
condition and to |/x| values of the same order as M 2 . The combinatorial background is in 
general smaller than for a 300 GeV sneutrino, due to the higher boost imparted to the x?, 
and it decreases with increasing Xi masses, due to the higher efficiency for reconstructing 
both jets from the Xi decay. For this analysis no attempt has been done for the recalibra- 
tion of the jet energy. This results in the skewing of the distributions towards low masses, 
and in the peak value being slightly displaced with respect to the nominal mass value. 
Once the position of the x? mass peak is known, the reconstructed x? statistics can be 
increased by also considering signatures 2) and 3-4). For events coming from signatures 2 
to 4, the X? candidate is defined as the muon-jet-jet combination which gives a mass nea- 
rest to the mass peak determined from signature 1) events. In all cases the reconstructed 
mass is required to be within ±12 GeV of the peak position to define a x? candidate. In 
83% of the events containing at least a combination satisfying this requirement, only one 
X? candidate is found, and this sample can be used to improve the statistical precision on 
the X? mass measurement. 

Using the above definition of the Xi> we can g° further in the mass reconstruction of 
the involved sparticles. Only configurations 1) and 2) are used, i.e. the events containing 
two muons and an electron in order to avoid ambiguities in the choice of the lepton from 
the W decay. The preliminary step for the reconstruction of the xf is the reconstruction of 
the W boson from its leptonic decay. The longitudinal momentum of the neutrino from the 
W decay is calculated from the missing transverse momentum of the event (considered as 
p^) and the requirement that the electron-neutrino invariant mass gives the W mass. The 
resulting neutrino longitudinal momentum, has a twofold ambiguity. We therefore build 
the invariant W — x? mass candidate using both solutions for the W boson momentum. 
The resulting spectrum is shown in Figure 6, as the full line histogram. A clear peak is 
seen, superimposed on a combinatorial background. If only the solution yielding the Xi 
mass nearest to the measured mass peak is retained, the mass spectrum corresponding to 
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Fig. 6: Invariant mass of the Xi with the W candidate. The full line histogram includes 
both solutions for the neutrino longitudinal momentum, the grey one only includes the 
solution which gives the mass nearest to the measured peak. 



the shaded histogram is obtained. The peak in the unbiased histogram can be fitted with 
a gaussian shape, with a width of ~ 6 GeV. 

The combination with the mass nearest to the measured peak is taken as xt candidate, 
provided that the reconstructed mass is within 15 GeV of the peak. For 80% of the e/x/x 
events where a Xi candidate is found, a W — Xi combination satisfying this requirement 
is reconstructed. 

Finally the xt candidates are combined with the leftover muon, yielding the mass 
spectrum shown in Figure 7. The v mass peak at this point presents very limited tails, 
and has a width of ~ 10 GeV. We define fully reconstructed events as those for which this 
mass lies within 25 GeV of the measured v peak. From the estimate of the combinatorial 
under the Xi peak, we expect approximately 2 x 1050 = 2100 events where all the jets 
and leptons are correctly assigned over a total of 2450 events observed in the peak. The 



260 



300 



n — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — r 



t 200 

H — 

O 
00 

^0 
-I— ' 

CD 
> 
LU 



1 



100 - 



Q 



Jn^jKuIn | | | | | I "I '-MIUI^L h L 





200 



250 300 350 

m(jjllW) (GeV) 



400 



Fig. 7: Invariant mass of the third lepton in the event with the Xi candidate. 



difference between the two numbers are events for which one of the two jets used for 
the Xi reconstruction comes from initial state radiation. These jets are typically soft, 
and therefore the reconstructed Xi candidate very often has a momentum which both in 
magnitude and direction is close to the momentum of the original Xi- Therefore for such 
events the reconstructed Xi behaves in the further steps in the reconstruction as the real 
one, only inducing some widening in the xt an d v peaks. 

The statistics available at the different steps in the analysis for an integrated luminosity 
of 30 fb _1 is given in the first column of Table 10. For the assumed value of the coupling, 
A' 211 = 0.09, the uncertainty on the measurement of all the three masses involved will be 
dominated by the 1% uncertainty on the jet energy scale. 

The efficiency for the reconstruction of the full decay chain with the analysis described 
above is ~ 2.5%. A more sophisticated analysis using also the three-muons events should 
approximately double this efficiency 

From the observed number of events and the v mass a measurement of the quantity 
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Process 


Signal 


tt 


wz 


Wbb 


Wt 


Zb 


a(pb) 
N e „(30 fb- 1 ) 
Loose cuts 
Jet veto 

X? 

xt 


3.3 
1 x 10 5 
23600 
14200 
6750 
2700 
2450 


590 
1.7 x 10 7 
2900 
1450 
158 
8 



26 

8 x 10 5 
53 

o o 

38 
4 
0.4 
0.25 


300 
9 x 10 6 
2.4 


60 

1.8 x 10 6 
3.5 


7000 
2.1 x 10 8 
56 

on 

30 



Tab. 10: Cross-sections and expected numbers of events after cuts for the signal and the 
different Standard Model background contributions considered in the analysis. The "Loose 
cuts" are described at the beginning of section 3.1, and the "Jet veto" consists in adding 
the requirement that no third jet with px > 15 GeV is reconstructed in the event. The line 
labelled "xl " gives the number of events from signatures 1 to 4 (efifi and \x\x\x) for which a 
Xi candidate is found. The line labelled "xt " shows the number of events from signatures 
1 and 2 (e/jL/i) where a xt candidate is found in addition, and the last line indicates the 
number of fully reconstructed events. In the case of the signal, we give the cross-section 
for the resonant sneutrino production multiplied by the branching ratios into three leptons. 

A' 2 2 n x BR, where BR is the product of the branching ratios of the decays shown in 
equation 3.1, is possible. The measurement of additional SUSY processes will be needed 
to disentangle the two terms of this product. 

3.2 Standard Model Background 

The requirement of three isolated leptons in the events strongly reduces the possible 
background sources. The following processes were considered as a background : 

- it production, followed by t — > Wb, where the two W and one of the b quarks decay 
leptonically. 

- WZ production, where both bosons decay leptonically. 

- Wt production 

- Wbb production 

- Zb production 

These backgrounds were generated with the PYTHIA MonteCarlo [26], except Wt and 
Wbb for which the ONETOP parton level generator [27] was used, interfaced to PYTHIA 
for hadronisation and fragmentation. The cross-sections for the various processes, and 
the number of total expected events for an integrated luminosity of 30 fb" 1 are given in 
Table 10, according to the cross-section numbers used in the ATLAS physics performance 
TDR [31]. In particular, even when the cross-section is known at NLO, as in the case of 
the top, the Born cross-section is taken for internal consistency of the study. 
For each of the background processes a sample of events between one seventh and a few 
times the expected statistics was generated and passed through the simplified simulation 
of the ATLAS detector. 

After the loose selection cuts described in Section 3.1, the background is dominated 
by top production, as can be seen from the numbers shown in Table 10. The distribution 
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Fig. 8: Invariant mass of the Xi candidates entering the kinematic analysis superimposed 
to the Standard Model background (hatched). 



of the //-jet-jet invariant mass for background events, obtained as in Section 3.1 and cor- 
responding to the Xi candidates selection, is shown as the hatched histogram in Figure 8. 
In this figure we have superimposed the same distribution for the signal. Already at this 
level, the signal stands out very clearly from the background, and in the following steps of 
the reconstruction the background becomes almost negligible. The numbers of background 
and signal events expected at the various steps of the reconstruction can be compared in 
Table 10. The full analysis was performed only for the it and WZ background because for 
the other channels the background is essentially negligible compared to top production, 
and in most cases the MonteCarlo statistics after the initial selection was too low to allow 
a detailed study. For the SUSY model considered and the chosen value of the A' coupling 
constant, even the loose selection applied allows to efficiently separate the signal from the 
background. 
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3.3 Sensitivity on A' 



From these results, it is possible to evaluate the minimum value of the A' 211 coupling 
for which it will be possible to discover the signal. The starting point in the analysis 
is the observation of a peak in the muon-jet-jet invariant mass over an essentially flat 
background. All of the further analysis steps of the cascade reconstruction rely on the 
possibility of selecting the events with a mass around the Xi peak. 

For the observation of the peak, the best signal/background ratio is obtained using the 
three-muons sample (configurations 3 and 4 above). In the Standard Model, which incor- 
porates lepton universality, about one eight of the three-leptons events present a three- 
muons configuration, whereas about half of the signal events come in this configuration, 
thereby granting an improvement of a factor 4 in signal over background, with respect to 
the full sample. The three muons come either in the ' — h +' or in the ' — I — ' sign configu- 
ration, because the two muons from the decay chain v{y) — > xtf^ ~ > XiA* ± A* =F must have 
opposite sign, whereas the Xi can decay to muons of either sign. Therefore the muon for 
the Xi reconstruction must be chosen between the two same-sign ones. The distribution 
for the //-jet-jet invariant mass, for events containing two jets and three muons is shown in 
Figure 9, scaled down by a factor 25, corresponding to a A' value of 0.018, superimposed 
to the expected top background. In the distribution each event enters twice, for each of 
the two same-sign muons which can be used to reconstruct the Xv We expect, however, 
that the combination with the "wrong" muon gives in most cases a reconstructed mass 
outside of the Xi peak. 

A statistical prescription is needed to define the fact that a peak structure is seen in 
the signal+background distribution. Given the exploratory nature of the work, we adopt 
the naive approach of calculating the A' value for which S/y/B = 5, where S and B are 
respectively the number of signal and background candidates counted in an interval of 
±15 GeV around the measured Xi peak. The window for the definition of a Xi candidate 
is enlarged with respect to the analysis described in Section 3.1, in order to recover the 
non-gaussian tail of the signal peak, thus increasing the analysis efficiency In this inter- 
val, for the chosen point, for an integrated luminosity of 30 fb _1 , S = 580000 x (A') 2 and 
B = 46 events. In the hypothesis that the it background can be precisely measured from 
data, the lower limit on A' 211 is : 

A' 211 > 0.0075 

The pair production of SUSY particles through standard i? p -conserving processes is ano- 
ther possible source of background, due to the possibility to obtain final states with high 
lepton multiplicity, and the high production cross- sect ions. This background can only be 
evaluated inside models providing predictions for the whole SUSY spectrum. As a preli- 
minary study, a sample of events were generated with the HERWIG 6.0 MonteCarlo [29] 
by setting the slepton masses at 300 GeV, the masses of squarks and gluinos at 1000 GeV 
and the chargino-neutralino spectrum as for the example model. The total i? p -conserving 
cross-section is in this case ~ 6 pb. A total of 60 SUSY background events which satisfy 
the requirements used above to define S and B are observed. All the events surviving the 
cuts are from direct chargino and neutralino production, with a small contribution from 
Drell-Yan slepton production. Since the contributions from squark and gluino decays are 
strongly suppressed by the jet veto requirements, this result can be considered as a correct 
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Fig. 9: Invariant mass of the Xi candidates from three-muon events scaled down by a factor 
25, corresponding to a \' value of 0.018, superimposed to the Standard Model background 
(hatched). 



order of magnitude estimate, independently from the assumed values for the squark and 
gluino masses. Moreover, the reconstructions of the chargino and sneutrino masses can 
also be used in order to reduce the SUSY background. A more thorough discussion of the 
SUSY background will be given below in the framework of the mSUGRA model. 

4 Analysis reach in various models 

For the example case studied in Section 3.1 it was shown that the sneutrino production 
signal can be easily separated from the background, and allows to perform precision 
measurements of the masses of the sparticles involved in the decay chain. 
The analysis can be generalised to investigate the range of SUSY parameters in which 
this kind of analysis is possible, and to define the minimum value of the A' constant which 
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Fig. 10: Efficiency for reconstructing a n-jet-jet invariant mass within 15 GeV of the 
Xi mass in three-muons events, as a function of the xf mass. The shown points were 
generated with the following parameters : —/i = M 2 = 2M±, tan/? =1.5. All the sfermion 
masses are set equal to the sneutrino mass. Points for rriy = 300,500 and 900 GeV are 
shown. 



gives a detectable signal in a given SUSY scenario. The different model parameters enter 
the definition of the detectability at different levels : 

- The sneutrino production cross-section is a function only of the sneutrino mass and 
of the square of the R-parity violating coupling constant. 

- The branching fraction of the sneutrino decay into three leptons is a function of all 
the SUSY parameters. 

- The analysis efficiency is a function of the masses of the three supersymmetric 
particles involved in the decay. 

The dependences of the cross-section and branching ratios on the SUSY parameters were 
discussed in Section 2 for the MSSM, and are summarised in Figures 2 and 3. We only 
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need at this point to parameterize the analysis efficiency as a function of the sparticle 
masses. The number of signal events for each considered model will then be obtained by 
multiplying the expected number of three-lepton events by the parameterized efficiency. 

4.1 Efficiency of the three-muon analysis 

According to the discussion presented in Section 3.3, we need to calculate the efficiency 
for the signal process to satisfy the following requirements : 

- to pass the initial selection cuts described in Section 3.1 (Loose cuts), including the 
veto on the third jet (Jet veto) ; 

- to contain three reconstructed muons, with one of the //-jet-jet invariant masses 
within 15 GeV of the Xi mass. 

Three sneutrino masses, mo = 300, 500 and 900 GeV were considered, and for each of 
these the evolution of the efficiency with the xt mass was studied. The mass of the Xi 
was assumed to be half of the mass of the xf , relation which is in general valid in SUGRA 
inspired models and correspond to a choice of values for of the same order as M 2 . 
The analysis efficiency is shown in Figure 10 as a function of the mass and of the xt 
mass. The efficiency values are calculated with respect to the number of events which at 
generation level did contain the three leptons, therefore they only depend on the event 
kinematics and not on the branching ratios. The loss of efficiency at the lower end of 
the xt mass spectrum is due to the inefficiency for detecting two jets from the Xi decay, 
either because the two jets are reconstructed as a single jet, or because one of the two jets 
is below the detection threshold of 15 GeV. The efficiency then becomes approximately 
independent of the masses of the sneutrino and of the xti U P to the point where the v 
and xt masses become close enough to affect the efficiency for the detection of the muon 
from the v — > xtli decay; for m„ — m~± < 10 GeV the analysis efficiency rapidly drops 

Al 

to zero. The moderate decrease in efficiency at high xt masses for m/> = 900 GeV can 
be ascribed to the fact that one of two energetic jets from the Xi decay radiates a hard 
gluon, three jets are reconstructed, and the event is rejected by the jet veto. 
At this point all the ingredients are available to study the reach in the parameter space 
for the analysis presented in Section 3 within different SUSY models. 



4.2 Analysis reach in the MSSM 

The region in the m^-m-i plane for which the signal significance is greater than 5a, 
as defined in Section 3.3, and at least 10 signal events are observed for an integrated 
luminosity of 30 fb _1 is shown in Figure 11 for different choices of the A' 211 constant. 
The behaviours of the sensitivity curves in the m^-m-i plane are well explained by the 
variations of the single chargino production cross-section shown in Figure 3 in the same 
plane of parameters. The SUSY background is not considered in the plot, as it depends 
on all the model parameters. It was however verified in a few example cases that for our 
analysis cuts this background is dominated by direct chargino and neutralino production, 
and it becomes negligible in the limit of high x\ and masses. The main effect of taking 
into account this background will be to reduce the significance of the signal for xt masses 
lower than 200 GeV. 
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Fig. 11: 5a reach in the mp-m^± plane for three different choices of the A 211 cou- 
pling for an integrated luminosity of 30 fb^ 1 at the LHC. The chosen model parameters 
were : fi = -500 GeV, tan f3=l. 5, m- q = m t = 300 GeV, A t = A b = A T = 0, M 2 = 2M l . 
The significance is defined only considering the Standard Model background, and a si- 
gnal of at least ten events is required. The hatched region at the upper left corresponds 
to niy < m ~± . The cross-hatched region at low Tn^± is excluded by the preliminary LEP 
results atjs~= 196 GeV [30]. 



From the curves in Figure 11 we can conclude that within the MSSM, the production 
of a 900 GeV sneutrino for A' 211 > 0.05, and of a 350 GeV sneutrino for A' 211 > 0.01 can 
be observed within the first three years of LHC running, provided that the sneutrino is 
heavier than the lightest chargino. 

The sensitivity on an $ p coupling of type X' 2 j k can be derived from the sensitivity ob- 
tained for A' 211 , as explained in Section 2.2. For example, we have seen that the sensitivity 
on A' 221 was ~ 1.5 times weaker than the sensitivity on A' 211 , for tan /3=1.5, M 2 = 200 GeV, 
H = —500 GeV and rriy = 400 GeV. This set of parameters leads to a sensitivity on A' 211 
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Tab. 11: Sensitivities on the A' 2jfc coupling constants deduced from the sensitivity on A' 211 
for tan p=1.5, M x = 100 GeV, M 2 = 200 GeV, fi = -500 GeV, m~ q = m l = 300 GeV and 
mr, = 400 GeV. 
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FlG. 12: Curves of equal mass for v and Xi ^ n the tuq — m\/2 plane for tan/? = 2. The 
grey region at the upper left indicates the domain where the \\ is not the LSP. The cross- 
hatched region for low mi/ 2 gives the kinematic limit for the discovery of Xi or I by LEP 
running at ^fs = 200 GeV. The dotted line shows the region below which the Xi decays 
to a virtual W. 



of about 0.015 as can be seen in Figure 11, and hence to a sensitivity on A' 221 of ~ 0.022. 
In Table 11, we present the sensitivity on any A 2jfc coupling estimated using the same 
method and for the same MSSM parameters. Those sensitivities represent an important 
improvement with respect to the low-energy limits of [1]. 

In the case of a single dominant A 2j - 3 coupling the neutralino decays as Xi ~^ fiUjb and the 
semileptonic decay of the b-quark could affect the analysis efficiency Hence in this case, 
the precise sensitivity cannot be simply calculated by scaling the value obtained for A' 211 . 
The order of magnitude of the sensitivity which can be inferred from our analysis should 
however be correct. 

4.3 Analysis reach in mSUGRA 

Our framework throughout this Section will be the so-called minimal supergravity 
model. In this model the parameters obey a set of boundary conditions at the Grand Uni- 
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fication Theory (GUT) scale M x . These conditions appear to be natural in supergravity 
scenario since the supersymmetry breaking occurs in an hidden sector which commu- 
nicates with the visible sector only through gravitational interactions. First, mSUGRA 
contains the gauge coupling unification at M x , such an unification being suggested by 
the experimental results obtained at LEP I. One can view the gauge coupling unifica- 
tion assumption as a fixing of the GUT scale M x . Second, the gaugino (bino, wino and 
gluino) masses at M x are given by the universal mass m^. the parameters m\/2 and 
Mj [i = 1,2,3] are thus related by the solutions of the renormalization group equations 
(RGE). Besides, since the gaugino masses and the gauge couplings are governed by the 
same RGE, one has the well-known relation : Mi = ^ tan 2 9wM 2 . Similarly, at M x , the 
universal scalars mass is m and the trilinear couplings are all equal to A . Finally, in 
mSUGRA the absolute value of the higgsino mixing parameter as well as the bilinear 
coupling B are determined by the radiative electroweak symmetry breaking conditions. 
Therefore, mSUGRA contains only the five following parameters : sign(ii), tan/5, A , m 
and mi/2- 

Due to the small dependence of the single chargino production rate on the \i parameter 
for M 2 < \fj, | (see Section 2), the study of the mSUGRA model in which is fixed by 
the electroweak symmetry breaking condition provides information on a broader class of 
models. The single chargino production rate depends mainly on the values of m and 
TO1/2 (see Section 2). We will set A = 0, and study the detectability of the signal in 
the m — mi/2 plane. We show in Figure 12 the curves of equal mass for v and Xi for 
tan (3 = 2 calculated with the ISASUSY [28] package which uses one-loop RGE to get the 
SUSY spectrum from the mSUGRA parameters. 

The signal reach can be easily evaluated from the sparticle mass spectrum and bran- 
ching fractions by using the parameterization of the analysis efficiency shown in Figure 10. 

Supersymmetric background 

In the case of a well constrained model as mSUGRA, the SUSY background can in 
principle be evaluated in each considered point in the parameter space. For this evaluation 
the full SUSY sample must be generated for each point, requiring the generation of a large 
number of events. 

The sparticle masses for the model studied in detail in Section 3 uniquely define a 
model in the mSUGRA framework. Therefore, as a first approach to the problem, a full 
analysis was performed for this model, corresponding to the parameter values : 

m = 275 GeV, m 1/2 = 185 GeV, tan (3 = 1.5, /i < 0, A = 0. 

For this mSUGRA point, the mass scale for squarks/gluinos is in the proximity of 
500 GeV, and the total cross-section for all the SUSY particles pair productions is approxi- 
mately 130 pb, yielding a signal of ~ 4 10 6 events for the first three years of data-taking 
at the LHC. A total of 400k events were generated and analysed. The number of surviving 
events after cuts in the three-muons sample was 47 ± 21 for an integrated luminosity of 
30 fb^ 1 . All the background events come from direct chargino and neutralino production, 
as it was the case for the MSSM point studied in Section 3.3. As a cross-check, we gene- 
rated for the same mSUGRA point only the processes of the type pp — > x + AT, where x 
denotes either x° or x^, an d X any other SUSY particle. The cross-section is in this case 
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Fig. 13: Number of SUSY background events for an integrated luminosity of 30 fb' 1 in 
the mo — mi/2 plane with t&n /3=2 for a few selected test models. The hatched region at 
the upper left corresponds to mc < m~±. The cross-hatched region for low mi/ 2 gives the 

kinematic limit for the discovery of xt or I by LEP running at y/s = 200 GeV. 



~ 6 pb, and the number of background events is 39 ± 7 events, in good agreement with 
the number evaluated generating all the SUSY processes. 

Based on this result, we have performed a scan in the m —mi/2 plane the fixed values 
tan/3 = 2, // < 0. On a grid of points we generated event samples for the pp — > x + X 
processes with the HERWIG 6.0 MonteCarlo [29]. The number of SUSY events with a 
/^-jet-jet combination with an invariant mass within 15 GeV of the Xi mass is shown in 
Figure 13 in the m —mi/2 plane for an integrated luminosity of 30 fb -1 . The background is 
significant for a xt mass of 175 GeV (mx/ 2 =200 GeV), and becomes essentially negligible 
for xt mass of 260 GeV (mi/2 =300 GeV). This behaviour is due to the combination of 
two effects : the x^X^ production cross-section decreases with increasing yf 1 mass, and 
the probability of losing two of the four jets from the decay of the two Xi i n the event 
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Fig. 14: 5a reach in the plane for tan f3 =2 and three different choices of the A' 211 

coupling for an integrated luminosity of 30 fb -1 at the LHC. The significance is defined 
only considering the Standard Model background, and a signal of at least ten events is 
required. The dotted line shows the region below which the xt decays to a virtual W. 



becomes very small for a xt mass of ~ 220 GeV. Indeed, the suppression of the SUSY 
background is mainly due to the Jet veto cut. 

Given the high SUSY cross-section, and the high lepton multiplicity from x\ decays, a 
prominent signal should manifest itself through R-conserving sparticle pair production in 
this scenario. Single resonant sneutrino production will then be used as a way of extracting 
information on the value of the R p - violating coupling constant, and of precisely measuring 
the masses of z> M , Xi > Xi- Moreover, thanks to the very high number of produced Xi 
expected from qj g pair production, the x? mass will be directly reconstructed from q and 
g decays, as shown in [31]. So, for the present analysis it can be assumed that the x? mass is 
approximately known, and an attempt to reconstruct the xt peak can be performed even if 
the Xi reconstruction does not yield a significant peak over the SUSY+SM background. In 
order to perform the full reconstruction, one just needs to observe a statistically significant 
excess of events over what is expected from the Standard Model background in the mass 
region corresponding to the known Xi mass. The full kinematic reconstruction described 
in Section 3.1 above will then easily allow to separate the process of interest from the 
SUSY background. 

Results 

Based on the discussion in the previous section we calculate the signal significance as 
S/ \f~B 1 where for the signal S we only consider the resonant sneutrino production, and 
for the background B we only consider the SM background. We show in Figure 14 for 
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Fig. 15: 5cr reach in the m — mi/2 plane for tan (5=35 and three different choices of 
the A' 211 coupling for an integrated luminosity of 30 fb^ 1 at the LUC. The significance is 
defined only considering the Standard Model background, and a signal of at least ten events 
is required. The dashed line shows the region below which the xf decays to a virtual W. 
The region to the left of the dotted lines has a branching ratio for xf f\y T larger than 
50%, and the grey area indicates the region for which a low signal efficiency is expected. 



tan/3 = 2 and for the two signs of /i the regions in the m — mu2 plane for which the 
signal significance exceeds 5a and the number of signal events is larger than 10, for an 
integrated luminosity of 30 fb^ 1 . The reach is shown for three different choices of the X' 211 
parameter : A' 211 = 0.01,0.025,0.05. Even for the lowest considered coupling the signal 
can be detected in a significant fraction of the parameter space. The dotted line shows the 
region below which the xf decays to the Xi an d a virtual W, thus making the kinematic 
reconstruction of the decay chain described in Section 3.1 impossible. The reconstruction 
of the Xi is however still possible, but the reconstruction efficiency drops rapidly due to 
the difficulty to separate the two soft jets from the Xi decay. A detailed study involving 
careful consideration of jet identification algorithms is needed to assert the LHC reach in 
that region. 

As observed in [32], the efficiencies quoted for this analysis rely on a branching ratio 
of ~ 100% for the decay xt -» Wxl- This is in general true in SUGRA models as loner as 
the fi is heavier than the xt> corresponding to moderate values for tan/?. For high tan/3, 
the decay xt ~ > ^\ v t can become kinematically possible, and its branching ratio can 
dominate the standard x% ~~ > The stau in turns typically decays as fi — > TXi- The 

three-leptons signature is in this case even enhanced, due to the higher branching fraction 
into electrons and muons for the r compared to the W, at the price of a softer lepton 
spectrum. The x? reconstruction is still possible but the presence of three neutrinos (two 
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additional neutrinos come from the leptonic r decay) renders the reconstruction of the 
particles earlier in the decay chain difficult. The analysis efficiency is essentially unaffected 
with respect to the low tan (3 long as the mass difference between the fi and the 

Xi is larger than ~ 50 GeV. For fi and xi masses too much degenerate, the transverse 
momentum of the charged lepton coming from the r decay would often fall below the 
analysis requirements, leading thus to a reduction of the signal efficiency. The reach in 
the m — TO1/2 plane is shown in Figure 15 for tan/3 = 35 and three different choices of 
the A' 211 coupling. The branching fraction for the decay xt ~^ Tiv T is higher than 50% to 
the left of the dotted line, and the region for which a reduced signal efficiency is expected 
is displayed as a grey area. The reach for xi detection is similar to the low tan (3 case, 
but the region in which the full reconstruction of the sneutrino decay chain is possible is 
severely restricted. 

5 Conclusions 

We have analysed the resonant sneutrino production at LHC in supersymmetric models 
with R-parity violation. We have focused on the three-leptons signature which has a small 
Standard Model background, and allows a model-independent mass reconstruction of the 
full sneutrino decay chain. 

A detailed study for an example MSSM point has shown that the mass reconstruction 
analysis has an efficiency of a few percent, and that a precise measurement of the masses of 
v-, Xi i Xi can be performed. Both the Standard Model background and the backgrounds 
from other SUSY pair productions were studied in detail, and shown to be well below 
the expected signal for a value of the considered |? p coupling A 211 taken at the present 
low-energy limit. 

The trilepton signal from sneutrino production was then studied as a function of the 
model parameters under different model assumptions, and sensitivity over a significant 
part of the parameter space was found. Within the MSSM, the production of a 900 GeV 
sneutrino for A' 211 > 0.05, and of a 350 GeV sneutrino for A' 211 > 0.01 can be observed 
in the first three years of LHC running. In the framework of the mSUGRA model, the 
region in the m — space accessible to the analysis was mapped as a function of the 
value of the R p - violating coupling for representative values of tan/3. A significant part of 
the m — mi/2 plane will be accessible for A' 211 > 0.01. 

Although the detailed study was focused on the case of a single dominant A' 211 coupling, 
we have found that the resonant sneutrino production analysis can bring interesting sen- 
sitivities on all the couplings of the type A 2jfc , compared to the low-energy constraints. 
The resonant sneutrino production should also allow to test most of the A' ljfc coupling 
constants. 

In conclusion we have demonstrated that if minimal supersymmetry with R-parity 
violation is realised in nature, the three-leptons signature from sneutrino decay will be a 
privileged channel for the precision measurement of sparticle masses and for studying the 
SUSY parameter space, over a broad spectrum of models. Analyses based on the study 
of events including three leptons, were often advocated in the literature [33]- [46] as a 
particularly sensitive way of attacking the search for SUSY at the LHC in the standard R- 
conserving scenario. The higher lepton multiplicity and the possibility to perform precise 
measurements of the model parameters make this kind of analyses an even more attractive 
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possibility in the case of R-parity violation with dominant A' couplings. 
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Abstract 



We examine the effects of the lepton number violating R parity odd superpotential, W = 
XijkLiLjE^,, on single production of fermion (charginos and neutralinos) and scalar (slep- 
tons and sneutrinos) superpartners at leptonic colliders for center of mass energies up 
to 500Gel / — ITeV. The probability amplitudes for all the five 2^2 body processes : 
Xilm, Xi^m (XiVm), lm W± , "mZ (v m Z°) , Vml^ml), and the decays branching 
ratios for the produced superpartners are calculated at tree level. The rates for all five reac- 
tions are proportionnal to X^jj where J = 1, 2 for e~e + and fj,~fi + colliders, respectively. 
A semi-quantitative discussion is presented within a supergravity model assuming grand 
unification of gauge interactions and universal (flavor independent) soft super symmetry 
breaking parameters m (scalars), (gauginos) at the unification scale. The predic- 

tions obtained for the total and partial rates show that the single production reactions 
have a good potential of observability at the future e~e + and fi + supercolliders. For 
values of the R parity violating coupling constant of order 0.05, the x ±fi productions could 
probe all the relevant intervals for tan (3 and mo and broad regions of the parameter space 
for the n (Higgs mixing) and mi/ 2 parameters < 400GeV, mi/ 2 < 240GeV), while 
the v and I productions could probe sneutrinos and sleptons masses up to the kinema- 
tical limits (mo < bOOGeV, mj < AOOGeV). Using the hypothesis of a single dominant 
R parity violating coupling constant, a Monte Carlo events simulation for the reactions, 
Ijlj — > xt^m! Xi,2 u m, Xi,2^m, is employed to deduce some characteristic dynamical distri- 
butions of the final states. 
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1 Introduction 



Should R parity turn out to be an approximate symmetry of the minimal supersym- 
metric standard model, the truly quantitative tests of such a possibility would have to be 
sought in high energy colliders physics, as was first emphasized in [1, 2, 3]. The great ma- 
jority of the existing theoretical studies for the LEP or the Tevatron accelerators physics 
have focused on signals associated with the LSP (lightest supersymmetric particle) decays 
and certain rare decays of the standard model particles (gauge [2, 4, 5, 6] or Higgs [2] 
bosons or top-quark [7]). A few experimental searches have been attempted for Z° boson 
decays [8, 9], for inos decays [10, 11] and also in more general settings [12, 13]. Proceeding 
one step further, interesting proposals were made recently to explain the so-called ALEPH 
anomalous four-jets events [14] on the basis of R parity violating decays of neutralinos or 
charginos [15, 16, 17], squarks [18, 19], sleptons [20] or sneutrinos [21] produced in pairs 
through the two-body processes, e + e~ — > x°' + X°~ or e + e~ — > //. (See [22] for recent 
updates and lists of references.) 

Apart from precursor studies devoted to the HERA collider [23, 24, 25], little conside- 
ration was given in the past to single production of supersymmetric particles in spite of 
the potential interest of a discovery of supersymmetry that might be accessible at lower 
incident energies. The reason, of course, is the lack of information about the size of the R 
parity odd coupling constants other than the large number of indirects bounds deduced 
from low and intermediate energy phenomenology [26] . Therefore, for obvious reasons, the 
existing single production studies have rather focused on resonant production of sneutri- 
nos, charged sleptons [1, 2, 12, 27, 28, 29, 30, 31, 32] or squarks [3, 23, 27, 28, 29]. 
The interpretation of the anomalous high Q 2 events recently observed at HERA by the 
ZEUS [33] and HI [34] Collaborations, in terms of squark resonant production, has also 
stimulated a renewed interest in R parity violation phenomenology [35] . 

The collider physics tests of supersymmetric models without R parity entail an im- 
portant change in focus with respect to the conventional tests : degraded missing energy, 
diluted signals, additional background from the minimal supersymmetric standard model 
interactions and uncertainties from the R parity violation coupling constants compounded 
with those from the superpartners mass spectra. Our purpose in this work is to discuss 
semi quantitatively the potential for a discovery and the tests of supersymmetry with 
2^2 body single superpartner production. Although several order of magnitudes in 
rates are lost with respect to the resonant single production, one can dispose here of a 
rich variety of phenomena with multilepton final states non diagonal in flavor. Besides, 
one may also test larger ranges of the sneutrino mass since this need not be restricted 
by the center of mass energy value. Encouraged by the recent developments on R pa- 
rity violation and by the prospects of high precision measurements at supercolliders [36], 
we propose to study single production at leptonic (electron and muon) colliders for the 
set of five 2 -> 2 body reactions, ijlj -> x ± ^, Ijlj -> X°^m (x°^m), Ijlj -> 

v mL Z° (v mL Z°), Ipj -> z> mL 7 {vmLl) [J = 1,2], in a more systematic way than 
has been attempted so far. We limit ourselves to the lowest inos eigenstates. Let us note 
here that precursor indicative studies of the inos single production reactions were already 
presented in [37, 38] and that recent discussions concerning the reactions, e ±r y e ± u and 
e ± 7 — > Pi/, where the photon flux is radiated by one of the two beams, were presented 
in [39]. We shall restrict our study to the lepton number violating interactions LiLjE^ in 
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association with the familiar gauge and Yukawa couplings of the minimal supersymmetric 
standard model. The final states consist then of multileptons with or without hadronic 
jets. 

This paper contains four sections. In section 2, we present the main formalism for 
superpartners production cross sections and decay rates. In section 4, based on the su- 
pergravity approach to supersymmetry soft breaking parameters, we present numerical 
results for the total rates and the various branching ratios in wide regions of the para- 
meter space. In section 5, we show results for final states distributions of the processes, 
Ijlj — > x ± / T , x° u i X°v, obtained by means of a Monte Carlo events simulation, using the 
SUSYGEN routine [40]. In section 6, we state our conclusions. 



2 General Formalism 

Five 2^2 body single production reactions may be observed at leptonic colliders. 
We shall use the following short hand notation to denote the associated probability am- 
plitudes : 



M(x~+0 = M(lj+lj^Xa+0, 
M(x° a + U m ) = M(lj+l}^X° a + Vm), 

M(l~ L + W + ) = M(lj+lj^l mL + W + ), 
M(i> m + Z) = M(lj +lj ^i> m + Z), 

M(z> m + 7 ) = M(lj +lj -> z> m + 7 ), (2.1) 

where J = 1, 2 is a flavor index for the initial state leptons (electrons and muons, respec- 
tively), the index a labels the charginos or neutralinos eigenvalues and the index m the 
sleptons or sneutrinos families. Our theoretical framework is the minimal supersymmetric 
standard model supplemented by the lepton number violating R parity odd superpoten- 
tial, W — \ J2ijk ^ijkLiLjE^. This yields the sfermion-fermion Yukawa interactions, 

1 3 

L = - ^ijkWiLekRejL + e jL e kR u iL + el R ^ R e jL - (i -> j)] + h.c. (2.2) 

[i#j,fc]=l 

where the sums labelled by indices, i, j, k, run over the three leptons and neutrinos families 
with the condition i ^ j following from the antisymmetry property, \j k = —\j ik .. 



2.1 Production Cross Sections 

Each of the processes in eq.(2.1) has a charge conjugate partner such that the trans- 
formation between pairs of conjugate amplitudes can be formally described by applying 
a CP transformation to the S-matrix. The relationship is most easily described at the 
level of the amplitudes squared obtained after summation over the spins. Because of the 
simple action of CP on the initial state, l~j{k)lj(k'), it can be seen that the amplitudes 
for the pairs of charge conjugated processes are related by the substitutions, k <-> k' and 
\jk Kjk- The tree level probability amplitudes are easily calculated by inspection of 
the Feynman diagrams given in Fig.l. The formulas for the amplitudes are consigned 
in Appendix 1. A few observations are in order at this point. First, the same configu- 
rations of lepton flavor indices, namely, \ m jj with J = 1, m = 2, 3 for e~e + colliders 
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' R 

v mL (P) 



-6 



(d) 




Y(p') 



v mL (P) 



(e) 



FlG. 1: Feynman diagrams for the processes, Ijlj — > X _ ^m f'fljj ^j^j ~~ * X°^m ~~ * ^ m L^ + ( c )' 
Ijlj — » i/ m iZ° fdj and — > i> m i 7 fej. T/ie circled vertex correspond to the RPV interaction, with 
the coupling constant X m jj, and the arrows denote flow of momentum. 
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TV IV T J_ 1 

Mass Intervals 


Decays 


rmal State 




m i- > m x- (!) 
m F < m*- (2) 


•X~ -»• -»■ 




lm e 


vriy > m^- (3) 
mi, < rriy,- (4) 


•X Ijlkli 

•X * ^i^i * liljlk 


(B)Z+Z^Z-Z- 




m^, m„ > m^- > m^o (5) 
m^- > mj > m^o (6) 

m^- > rriy > m^o (7) 


*X * X ^p^p * IpL'pL'iljlk 
~ _ t — 7 ~ n 

•x -»■ *V P ^JVpX 

^ ^p^p^i^j^k 


(C)Z+Z-#?# 


7 1 t _1_ 7~r 


rriq > m^- > m^o (8) 
m^- > rriq > m^o (9) 


•x~ -> x%9p, -»• q P q P Viljlk 
•x~ -»• 9p9p, ^_q P QpX° 

— 17 

^ QpQp^i^j^k 


(D)l+l±l?#+2jet 


7+p+p- 
i m c c , 


m^- > m^o + mw (10) 


•x - x ^~ - 




/+ e + e - 

/+p±7=F 



TAB. 12: TTie allowed chargino decays for different relative orderings of the superpartners masses. The 
column fields give the mass intervals, the decay schemes, the final states corresponding to the process, 
Ijlj — ► X~lm> w ith a single dominant coupling constant \jk and the leptonic components of the final 
states in the case of a single dominant coupling constant X m ii [m = 2,3]. The notation If, stands for 
missing energy associated with neutrinos. 



and J = 2, m — 1,3 for [i~ colliders, occur in all cases. Second, the amplitude for 
right chirality slepton l mR production has not been included in the above list of formulas 
for the reason that this is proportional to the coupling constants Xn m which vanishes by 
the antisymmetry property, = —\jik- Thirdly, all five processus can appear only in 
a single helicity configuration for the initial fermions (assumed massless), corresponding 
to identical helicities, namely, either l~£l2 or l^l^ (recall that physical helicity for anti- 
particle is opposite to chirality). Lastly, we observe that the relative signs between the 
s, t and u channels contributions are dictated by both the structure of the interaction 
Lagrangian and the signs of the Wick contractions for fermions. The results for the spin 
summed squared amplitudes are given by somewhat complicated formulas which we have 
assembled in Appendix 1. We have checked that our formulas for x° and x^ 1 productions 
agree with the results provided in [37, 38] and [41]. 

2.2 Decays 

In order to exhibit the possible physical final states, we need to consider the decays 
of the produced supersymmetric particles, taking into account both the minimal super- 
symmetric standard model interactions (denoted RPC or R parity conserving) and the R 
parity odd interactions (denoted RPV or R parity violating). 
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Mass Intervals 


Decays 


Final State 


A m ii 


mo < m^+ (1) 




(A)/ fe "/^° 


e + e~ 


rrii, > (2) 




(B)Z+/+Z fc / m Z° 




mo, mj > rriy,+ (3) 
mo > m^+ > mj (4) 


*V m > IrrOC * ^rrJ'j 
* Irn^j^dk 


(C) /, + /-^° 




mo > m^o (5) 






e + e~, 


mo > m^+ > m^o (b) 
mo > m^+ > mj > m^o (7) 


~+l 1 ~0T 
*V m > ^ < m > 'mX ^p^p 

> ^vnMp^pX. ^ ImVplplSiljlk 


/-rnx t_|_ 7 _ t4j 7 zp jpr7() 


/+/— + — 
> f m e e 5 

7+/-p±/T 
l p t m e l m 


mo > m^+ > m^o (8) 
mo > m^+ > mq > m^o (9) 


~ _|_ T J ~ Q _ 

^ ImQpQpL'iljlk 
*V m > ^ < m > l>mQpQp 
> ImQpQpX. * ImQpQpViljlk 


(F) UtlfZ" + 2jet 


T 1 

^m e e , 


mo > m^+ > m^o + m w (10) 


-> l m W + Viljl k 


(G) i m imm + z" 


/"P ± / =F 



TAB. 13: The allowed sneutrino decays for different relative orderings of the superpartners masses. The 
column fields give the mass intervals, the decay schemes, the final states corresponding to the process, 
Ijlj — > Z®v m , with a single dominant coupling constant \jk an d the leptonic components of the final 
states in the case of a single dominant coupling constant A m n [m = 2,3]. The notation Tf, stands for 
missing energy associated with neutrinos. 



A number of hypotheses and approximations, which we list below, will be employed in 
the evaluation of partial rates. 

1) Supersymmetric particles decays are assumed to have narrow widths (compared to 
their masses) and are produced on-shell with negligible spin correlations between 
the production and decay stages. This allows us to apply the familiar phase space 
factorisation formula for the production cross sections. 

2) Spin correlations are neglected at all stages of the cascade decays such that the 
branching ratios in single or double cascades can be obtained by applying recursively 
the standard factorisation formula. 

3) Sleptons belonging to all three families and squarks belonging to the first two fa- 
milies are degenerate in mass. Therefore, for a given decay process as, for instance, 

~^ Vplp, either all three generations will be energetically allowed or forbidden. 
Furthermore, flavor off-diagonal channels such as, l\ — > 1% + Z ,... are closed. 

4) The lowest eigenstates of neutralinos Xa an d charginos xt ( a — 1) ar e excited in the 
cascade chains. 
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Mass Intervals 


Decays 


Final State 


A m ll 


m r _ < m^- (1) 




(A)Z^+ 




m i- > m x- ( 2 ) 






e~ 


m~ { - , rriy > m^- (3) 
mj- > m x~ > m v vv 

mi- > m x° 


7 — ~ — — 7 


(C)/+/r/-^+ 


I'e+e', 

"rrv^ "m 


m ; -_ > ra^- > m^.o (oj 
m z ~_ > m%- > niy > m^o (7) 


l— ~— ~0; - 
f m X ' "mX ^p^p 

* X ^™ * VmJ'pVp 
^ ^rrJ-p^pX ► VmlpVpVjljl). 


/T7i\ 7 — li 7=^ 77TT7' + 

(E)Z p Z fc Zf#W + 


j— + — 

t p e e , 

t p c t m 


mi- > m x~ > m x° \°) 
mi- > m x~ > m Q > m x° (9) 


7— - ~0 - 
•*m X -> VmX qpQp 

^ VmQpQpViljlk 

•l m ^>X~v m -> v m q v q v _ 

* L'mQpQpX * ^mQpQp^i^j^k 


/ T" l\ 7lt 7 = F TMJTA- i O ■ # 

(F) h hW + 2 Jet 




mi- > m x~ > m x° + m w (lO) 


• l m -»■ X _i/ m -> ^X W" 

-> v m W~Viljl k 


(G) lH?W-$W+ 


e + e~, 

P ±/=F 



TAB. 14: TTie allowed slepton decays for different relative orderings of the superpartners masses. The 
column fields give the mass intervals, the decay schemes, the final states corresponding to the process, 
Ijlj — * W + l~ i; with a single dominant coupling constant X^k and the leptonic components of the final 
states in the case of a single dominant coupling constant X m u [m = 2,3]. The notation If stands for 
missing energy associated with neutrinos. 



5) All superpartners decay inside the detector volume. In the presence of broken R 
parity, the condition for electric charge neutral LSPs to decay inside the detector 
yields comfortable lower bounds of order A > 10~ 7 [3, 43]. 

6) Either a single RPV coupling constant is dominant in both the production and de- 
cay stages, or a pair of RPV coupling constants are dominant, one in the production 
stage (A m jj) and the other in the decay stage (Xijk)- The latter case with two domi- 
nant RPV coupling constants may be of interest since strong bounds on quadratic 
products exist only for a few family configurations. The strongest bounds arise from 
the /i — > 3e decay [42] : A p nA p i 2 < 6.5 1CT 7 , A p2 iA p n < 6.5 1CT 7 [p = 2,3], while 
other quadratic product bounds are of order 10~ 3 , 10~ 4 . Besides, as long as the cou- 
pling constant A, which controls the RPV decays, is small in comparison with the 
gauge coupling constants but not very much smaller (so that the LSP decays inside 
the detector), then the branching ratio will depend weakly on A since the last stage 
of the decay chain (LSP decay) is independent of A. 

7) The widths for the decays with four and higher body final states are neglected, such 
as those which occur in slepton (sneutrino) decays for, niy.- , m^o > mi (m^- , m^o > 
mo), mediated by virtual charginos or neutralinos, namely, Z~ — > v m lkVji>i and 

I m ^ ^m^k^ j^i (^m ^ ^m^k^j^i and V m ► U m l j U,i) . 

8) A supergravity model for the soft supersymmetry breaking parameters is used where, 
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generically, Xi i s the LSP. 

The consideration of the various order relations in the superpartners mass spectrum 
leads to a list of decay schemes for the initially produced superparticles. These are dis- 
played in Tables 12, 13 and 14, for x^S and II, respectively. The signals for the Xi 
decays are very few in number and will be discussed separately in section 4.2. Some 
comments on these tables are in order. Except for hadronic dijet pairs from the decay 
processes, xf 1 ~~ * X QQ'j all other final particles will consists of multileptons and missing 
energy associated with neutrinos. In the hypothesis of a single dominant RPV coupling 
constant in the decays stage, one can deduce the various final states flavor configurations 
by an inspection of the tables (cf. tables captions). The produced x°, X^S will decay 

according to cascade schemes dictated by the superpartners mass spectrum. It is impor- 
tant to distinguish the direct RPV induced decays : x~ — > &i&jlk, X~ ~^ hljh, X° ~^ ^djh, 
X° — > v%ljlki &i — > Iklji —> IjVi, and l~ L — > IkPi-, from the indirect RPC induced decays : 
h -»• X~v, v L -> x+Z, ll R -> x°l, v L -> xV X° -> X° -»■ X" -»■ X" -»• ^ and 
X^ — > x ^^ f° r two-body final states and, x~ ~~ * X°ff (f=leptons or quarks), for three- 
body final states. All the formulas needed to evaluate the partial decay widths are quoted 
in the Appendix 2. As can be seen from Tables 12,13,14, a given final state can arise from 
different processes, depending on the relative orderings of the masses. A reaction chain 
occuring through an intermediate particle which is produced on-shell leads obviously to 
the same final state when the production of this particle is kinematically forbidden and 
it must then occur through a virtual intermediate state. In the approximation of family 
degenerate sleptons, sneutrinos and squarks, the index p in the tables runs over the three 
generations. A single exception is the hadronic decay, x^ 1 ~^ X^ u pd P (x dpU p ), which is 
restricted to the first two families because of the large top-quark mass. 

Another subtle point concerns the multiplicity of a given signal, namely, the number of 
different configurations which can lead to the same final state. Due to the antisymmetry 
property of A^, the final states from chargino RPV decays (cf. A and B in Table 12) 
have a multiplicity of two. The reason is that these decays proceed through the exchanges 
of the sleptons (or sneutrinos) in families % and j, for a given \jk- This fact is already 
accounted for in the virtual x^ three-body decays (A(1),B(1), Table 12), but must be put 
by hand in the x^ cascade decays proceeding through the on-shell production of sleptons 
or sneutrinos which decay subsequentially (A(2),B(2),Table 12). 

To get a better understanding of the interplay between RPC and RPV decays, it is 
helpful to note that the branching ratios can be written formally as, B D = - g2+X 2 , for 

direct decays and, Bj = — g g f +> 2 , for two-stages indirect decays, where B = - g 2^_ A 2 is 
the LSP branching ratio, A and g are symbolic notations for the RPV and RPC coupling 
constants and c, Co are calculable constants. Of course, B — 1, if the last decaying particle 
is the LSP, which is the generical case. For values of the RPV coupling constants small 
with respect to the gauge coupling constants (A < 0.05), namely, g 2 3> A 2 , the dependence 
on A of the indirect decays branching ratios is weak and we have, Bj ^> B D . For large 
enough RPV coupling constant (for example, A = 0.1) or for suppressed indirect decays 
(due for example to kinematical reasons), the direct decays may become competitive and 
both the direct and indirect branching ratios depend strongly on A. 
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A=5, tan (3 = 2 A=5, tan (3 =50 



FlG. 2: The solution fi(tz), at scale mz, for the electroweak symmetry radiative breaking equations, at 
running top-quark mass, m t (m t ) = 171 GeV {mP t ole = 180 GeV), is plotted as a function of w {^ eV and 
looGeV f or f our va ^ ues °f the pair of parameters, A and tan/3. 

3 The model and its parameter space 

We shall develop the study of single superpartner production within a non minimal 
supergravity framework, assuming the existence of a grand unified gauge theory and of 
family universal boundary conditions on the supersymmetry breaking parameters. The 
renormalization group improved classical spectrum of the scalar superpartners is deter- 
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FlG. 3: Mass spectrum for the chargino \t and the first two lowest mass neutralinos, Xi an d X2; as a 
function of fi. Four choices of the parameters, tan/3 and M 2 (in GeV), are used, as indicated on top of 
each window. 



mined in principle by the full set of soft supersymmetry breaking parameters at the uni- 
fication scale, Mx, namely, m (common scalars mass), m^j (common gauginos mass), 
A (trilinear Yukawa interactions), (bilinear Higgs interaction) ; by the parameters 
tan/3 — ^ — <h u J> anc ^ M^)> where t denotes the running scale; and by the gauge cou- 
pling constants, g a (t), along with fermions masses, m 2 (t). If one neglects the Yukawa 
interactions of quarks and leptons with the Higgs bosons, then the running masses of all 
sfermions remain family degenerate down to the electroweak breaking scale where they 
are described by the familiar additive formula, 



m 2 ~{t) = m)(t) +m 2 + c f (t)m 2 1/2 ± m 2 z o cos(2/3)(T 3 / - Q f x w ), (3.1) 

where Cf(t) are calculable coefficients depending on the gauge interactions parameters 
and the last term represents the D-term contribution, the upper and lower sign being for 
the left and right chirality sfermions, respectively. The most relevant Yukawa coupling 
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constants, namely, those of the third family of up-quarks or, for large tan (3, of d-quarks 
and leptons, are expected to induce downwards shifts for the third family squarks (up 
and down) and sleptons, which depend non trivially on the parameters A and \x. In this 
work, we shall restrict consideration to the simple case of family independent running 
masses and employ the approximate representation in eq.(3.1) with the numerical values 
quoted in [44]. Note that the total rates do not depend on the squarks masses and, as 
already remarked in section 2.2, the third families of squarks are not considered in the 
cascade decays. The charginos and neutralinos classical mass spectra are determined by 
the subset of parameters : Mi(t), M 2 (t), fi(t) and tan (3. For fixed mi/ 2 , the solution of the 
one loop renormalization group equations is given explicitly by, rai/ 2 = (1 — f3 a t)M a (t), 

M 2 a 2 b 

where t = log(-gf), Q denoting the running scale, (3 a = j^js, b a = (3,-1,-11) with 
a = (3, 2, 1), corresponding to the beta functions parameters for the gauge group factors, 
SU(3), SU(2) L , U(l)y, and gx is the coupling constant at unification scale. Note that the 
wino and bino masses are related as, Mi(t) = |M 2 (t) tan 2 9y/. It is useful here to comment 
on the relation of our framework with the so-called minimal supergravity framework in 
which one assumes a constrained parameter space compatible with electroweak symmetry 
breaking. Let us follow here the so-called ambidextrous minimal supergravity approach 
[45], where one chooses [mo, mi/2, A, si gn(fi), tan j3] as the free parameters set and derives 
fi(tz), B^itz), at the electroweak symmetry breaking scale, tz = In M x /m z , through the 
minimisation equations for the Higgs bosons potential. For fixed m 0l m 1( / 2 and tan/5, va- 
rying A will let the parameter \i{tz) span finite intervals of relatively restricted sizes. In 
figure 2, we give results of a numerical resolution of the renormalization group equations 
which show the variation of \ji{t z )\ as a function of m Q and mi/ 2 , and also exhibit its 
dependence on A. Note that the equations admit the symmetry, fi(tz) — > —/i(tz)- Ob- 
serving that \i{tz) is typically a monotonous increasing function of A, we see from Fig. 2 
that the corresponding incremental increase, 5[i(tz)/ (i(tz), as one spans the wide interval, 
A E [-5, +5], is small and of order 20%. 

In the infrared fixed point approach for the top-quark Yukawa coupling, tan (3 is fixed 
(up to the ambiguity associated with large or low tan/5 solutions) in terms of the top- 
quark mass, m t = C sin/3, with, C ~ 190 - 210GeV, for, a 3 (m z o) = 0.11-0.13 [46]. The 
dependence on A of the electroweak constraint also becomes very weak, so that {i(t z ) is 
a known function of m ,mi/ 2 and tan/5 [46] : 



„2 | m 2 1 + 0.5 tan 2 /5 0.5 + 3.5 tan 2 g 

' ~ "'" ,an 2 }- 1 • '"' 2 uuri ' " 



In section 4.2, we will discuss results for the branching ratios in this constrained model. 
The total rates are not affected in any significant way by which version of the supergravity 
models is used, since, as we will see, their dependence on tan/5 and m turns out to be 
smooth. 

The main uncertain inputs are the superpartners mass spectrum and the coupling 
constants A^. To survey the characteristic properties of single production over a broad 
region of parameter space, we found it convenient to consider a continuous interval of varia- 
tion for n(tz), namely, n{t z ) G [— 400, +400]Gel / , while choosing suitable discrete values 
for the other parameters : M 2 (t z ) = 50, 80, 100, 150, 200 GeV, m = 20, 50, 150 GeV and 
tan/5 = 2,50. We shall set the unification scale at M x = 2 10 16 GeV and the running 
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scale at Q 2 = m 2 z . For definiteness, we choose the coupling constant, which controls the 
size of the production cross section, at the reference value : X m jj — 0.05. This is the 
strongest bound for a slepton mass of lOOGeV [26]. The dependence of integrated total 
rates on \ m jj is then given by a simple rescaling ( X ^q^ ) 2 but that of branching ratios 
on Xijk (which may or may not be identified with \ m jj) is more complicated because of 
the interplay between the RPC and RPV contributions which add up in the total decay 
widths. The reference value used here, = 0.05, is also an interesting borderline value 
since below this value the dependence of branching fractions on X^k becomes negligible 
in generic cases. 

It will prove helpful in the following discussion to keep within sight the spectrum for 
the low-lying inos. We display in Figure 3 the results obtained by solving numerically the 
eigenvalues problem for the charginos and neutralinos mass matrices. Recall the current 
experimental bounds [47], m^o > 23GeV, m^± > 45GeV, > 37.1GeV and mi > 
A5GeV. The following remarks about Figure 3 will prove relevant for the discussion on 
branching fractions : (i) The symmetry of the spectra under, \i <-> — /i, is spoilt at low 
tan (3 as can be seen on the explicit expression for the inos masses in [48] ; (ii) The mass 
differences x + — x° increase with with a steep rise appearing at, \i = M 2 , the borderline 
between the Higgsino and gaugino dominant regimes ; (iii) The spacings X2~Xi an d Xi~ Xi 
decrease in magnitudes, relatively to the Xi mass, with increasing M 2 . Although we show 
here the results for x 2 m ass, the interesting possibility of exciting the second neutralino 
X2 is not considered in the subsequent discussion. 

4 Results and discussion 

4.1 Total production rates 

The total production rates are evaluated by taking the angular integral, a = J**™ %dx, [x = 
cos 9], over the differential cross sections which are given explicitly in eqs.(1.2)-(1.6) in 
Appendix 1. To follow the usual practice we shall set an angular cut-off to account for 
the poor detection condition along the beam pipe : 170° > 9 m > 10°, corresponding to 
x m = cos6> m = 0.9848. 

Inos production 

The results for the integrated rates of the production of the lowest mass eigenstates 
Xi and Xi, at LEPII energies, are displayed in Figures 4 and 6, respectively. The inos 
production rates depend smoothly on tan/3, and on the mass parameters, //, m , M 2 , in 
a way which closely reflects on the mass spectrum. Thus, the symmetry under fi <-> —fi is 
upset only for low tan/5 and the rates decrease with increasing M 2 . The only cases where 
fast variations of rates arise are for values of m and M 2 at which the center of mass 
energy hits on the sneutrino s-channel pole, -Js = m£. As m increases, the resonance 
occurs at smaller values of M 2 since the sneutrino mass depends on M 2 , m and tan/5 
(see eq.(3.1)). The pole cross sections themselves, as parametrized by the conventional 
formula, 
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FlG. 4: The integrated cross sections for the process, Ijlj — ► Xi a * a center of mass energy of 
200GeV, are shown as a function of n for discrete choices of the remaining parameters : (a) tan/3 = 
2, m = 50GeV, (b) tan/3 = 50, m = hOGeV , (c) tan/3 = 2, m = IbOGeV and (d) tan/3 = 50, m = 
ISOGeV, with \ m jj — 0.05. The windows conventions are such that tan/3 = 2,50 horizontally and 
m,Q = 50, WOGeV vertically. The different curves refer to the values of Mi of 50GeV (continuous line), 
lOOGeV (dot-dashed line), WOGeV (dashed line) and 200GeV (dotted line), as indicated at the bottom 
of the figure. 
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FlG. 5: The integrated cross sections for the process, Ijlj — * Xi a ^ a center of mass energy of 
500GeV, are shown as a function of ji for discrete choices of the remaining parameters : (a) tan/3 = 
2, m = 50GeV, (b) tan/3 = 50, m = 50GeV, (c) tan/3 = 2, m = l50GeV and (d) tan/3 = 50, m = 
150GeV, with X m jj — 0.05. The windows conventions are such that tan/3 = 2,50 horizontally and 
m = 50, 150GeV vertically. The different curves refer to the values of M 2 of 50GeV (continuous line), 
lOOGeV (dot-dashed line), 150GeV (dashed line) and 200GeV (dotted line), as indicated at the bottom 
of the figure. 
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FlG. 6: The integrated cross sections for the process, Ijlj — > Xi^m, at a center of mass energy of 
200GeV, are shown as a function of n for discrete choices of the remaining parameters : (a) tan/3 = 
2, m = 50GeV, (b) tan/3 = 50, m = 50GeV, fcj tan/3 = 2, m = 150Ge^ and (^J tan/3 = 50, m = 
150GeV, with X m jj = 0.05. The windows conventions are such that tan/3 = 2,50 horizontally and 
m,Q = 50, WOGeV vertically. The different curves refer to the values of Mi of 50GeV (continuous line), 
lOOGeV (dot-dashed line), WOGeV (dashed line) and 20006^ (dotted line), as indicated at the bottom 
of the figure. 
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50GqV — 150GqV 

-— IOOGgV -- 200GgV 



FlG. 7: The integrated cross sections for the process, Vjlj — > Xi^m, at a center of mass energy of 
HOOGeV, are shown as a function of fx for discrete choices of the remaining parameters : (a) tan/3 = 
2, m = BOGeV, (b) tan/3 = 50, m = 50GeV, (c) tan/3 = 2, m = IhQGeV and (d) tan/3 = 50, m = 
150GeV, with \ m jj = 0.05. The windows conventions are such that tan/3 = 2,50 horizontally and 
m = 50, IhQGeV vertically. The different curves refer to the values of M 2 of 50GeV (continuous line), 
lOOGeV (dot-dashed line), lbOGeV (dashed line) and 200GeV (dotted line), as indicated at the bottom 
of the figure. 
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FlG. 8: The cross sections for the processes, Ijlj — > l^W + (a), Ijlj — > D m Z a (b) and Ijlj — > v m 7 
(c), are shown as a function of the slepton mass and the sneutrino mass, for \ m jj — 0.05. The three 
values of the center of mass energies considered are 200, 500 and 1000GeF ; as quoted in the top window. 



297 



a(l+l 



X) 




87rsr(z>^/+/-)r(z>^ 



fB{y ^l + r)B(D 



X) f barns, 



(4.1) 



can grow to values several order of magnitudes higher. For clarity, we have refrained 
from drawing the cross sections close to the resonant energy in the same plot. This is the 
reason why the curves corresponding to M2 = 150GeV do not appear in Figures 4(c) (d) 
and 6(c) (d). The effect of the pole can be seen for M 2 = 200GeV in Figures 4(a) (b) and 
6(a)(b). We note also that for /i = 0, is a pure higgsino and the xl production cross 
section vanishes. The results for inos production rates at NLC or colliders center 

of mass energies are displayed in Figures 5 and 7. The drop with respect to the LEPII 
energies is nearly by one order of magnitude. The second neutralino production rates, 
a {xlt) = a (ljlj ~^ X2 u m), when this is kinematically allowed, turns out to be of the same 
order of magnitude as cr(Xi)- For = 500GeV, cr(xi) an d c(X2) are numerically close 
throughout the parameter space of our model. However, for y^s = 200GeV, there are 
regions (large tan/3, /i < 0) where one has o{x%) ~ ^ a (Xi) an d other regions (low tan/3, 
/i > 0) where one rather has crijQ) ~ ^ a (Xi)- As for the production rate of the second 
chargino, cr(x2 )> this is always nearly an order of magnitude below (j(xi )- 

Sleptons production 

The slepton and sneutrino production rates depend solely on the sleptons masses and 
\ m jj. The results, obtained by setting mj = m^, are displayed in Figure 8 for three values 
of the center of mass energies. An account of the mass difference between and m f 
would not change the numerical results in any significant way. 

The differential cross section for the reaction — > z/7 must be treated with special 
care because of its extreme sensitivity at the end points, x — ±1, in the limit of vanishing 
electron mass, m e — ■> 0. As appears clearly on the expression of the squared momentum 
transfer variable, t — (k' — p') 2 = m 2 — |(s — m? + m^)(l — -^e~ x )^ f° r m ~ f — 0, the 
t-channel amplitude has a collinear singularity, t — ■> as x — > 1. An analogous collinear 
singularity occurs for the u-channel amplitude, u = (k — p') 2 — > as x — > —1. Imposing 
the cut-off on the center of mass angle 9 makes the regular isat ion of collinear singularities 
pointless. 

In the limit of vanishing m 7 , independently of x and m e , the sneutrino production 
cross section becomes infinite at the limiting energy point, y^s = mp. This accounts for 
the property of the numerical results for the integrated cross section to rise with m^, as 
seen in Figure 8(c). However, if one were to set m 7 at, say, the p- meson mass, in line with 
the vector meson dominance hypothesis, one would rather find the opposite behaviour 
with respect to the dependence on my. Observe that the increase of the cross section 
with vrii, corresponds to the fact that, for vrti, ~ yfs, the process l~jlj — > z/7 behaves like 
a sneutrino resonant production, accompagnied by the initial state radiation of a soft 
photon. 
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Discussion 



In summary, the single production rates range from several 10 's of f barns to a few 
100's of f barns at LEP energies and several units to a few 10's of f barns at NLC energies. 
Therefore, the superpartners single production are at the limit of observability for LEPII 
assuming an integrated luminosity per year of 200pb~ 1 at ^fs = 200GeV. The prospects 
for single production should be rather good at NLC [49] and colliders [50] since the 

assumed integrated luminosity per year is expected to be about 50/6" 1 at y/s = 500Ge^. 
Moreover, it is important to note here that had we considered for the RPV coupling 
constants, constant values for the product \ m jj( 10Q Q eV ), rather than for \ m jj, the rates 
would get an important amplification factor ( 100( ^.y ) 2 for increasing superpartners masses. 
Note that the slepton involved in the bound is of right chirality and thus is of opposite 
chirality than the slepton involved in the rate. Of course, the masses of II and Ir are 
related in a given model. At y/s = 500GeV and assuming > 0.05, all the single 
production reactions should be potentially observable over a broad region of parameter 
space. The slepton production reactions could then probe slepton masses up to 400GeV 
(Figure 8(a)) and sneutrino masses up to 500GeV (Figure 8(c)). The ino production 
reactions could probe a large region of the parameter plane (//, M 2 ), since the dependence 
on the parameters m and tan j3 is smooth. To strengthen our conclusions, it is necessary 
to examine the signatures associated with the final states, which is the subject of the next 
section. 

4.2 Branching Ratios 

In the narrow resonance approximation, the partial transition rates are readily obtai- 
ned by multiplying the total rates for each reaction with the decay branching fractions. 
The various final states for each of the 2 — * 2 single production reactions have been listed 
in Tables 12, 13 and 14. The leptons family configurations in the final states will depend 
on the hypothesis for the RPV coupling constant (single or pair dominance). 

With the purpose of testing characteristic points of the parameter space, we have 
evaluated the branching ratios for the decays of the superpartners, namely, xf,o and 
z>, for variable fi at discrete choices of M 2 , m Q and tan/5, such that the main typical 
cases in the ordering of the masses m^o, ni-±, mj, m„, can be explored. The results are 
shown in Figures 9, 10 and 11, for the chargino, the sneutrino and the slepton decays, 
respectively. The curves for the various branching ratios are distinguished by the same 
letters (numbers) as those used in Tables 12, 13 and 14 to label the various final states 
(decay processes). We shall now discuss in turn the various superpartner decay schemes 
corresponding to the five single production reactions. 

Lowest mass Neutralino 

The branching ratios for the Xi desintegrations are best analysed separately. For conve- 
nience, we do not treat the cases, m^o > nig and m^o > rn^±, since these arise marginally 
in most of the currently favored models (supergravity or gauge mediated soft supersym- 
metry breaking). The cascade decays which occur if m-± < m^o are also not considered 
since the corresponding region of the parameter space (Figure 3(c)) is forbidden by the 
experimental constraints on the inos masses. Thus, the process Ijlj — > x\ v m will only 
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FlG. 9: Branching ratios for the chargino Xi decays as a function of \i. The results in the four 
windows are obtained with the following choices for the parameters, [(M2(GeV),mo(GeV),t&Tif3,\ijk), 
mo L {GeV),m~ lL {GeV)} : (a) [(80,20,2,0.05), 53.19,81.66], (b) [(80,20,50,0.05), 34.20,86.97], (c) 
[(80, 20, 2, 0.1), 53.19, 81.66], (d) [(200, 100, 2, 0.05), 195.6, 205.2]. The final states are labeled by the letters, 
A,B,C,D,E, which have the same meaning as in Table 12. 
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FlG. 10: Branching ratios of the sneutrino decays as a function of /i. The results in the four win- 
dows are obtained with the following choices for the parameters, [{M2{GeV) 1 m^GeV), tan/3, Xijk), 
m 0L {GeV),m~ lL {GeV)} : (a) [(80,20,2,0.05), 53.19,81.66], (b) [(80,20,50,0.05), 34.20,86.97], (c) 
[(80, 20, 2, 0.1), 53.19, 81.66], (d) [(200, 100, 2, 0.05), 195.6, 205.2]. The final states are labeled by the letters, 
A,B,C,D,E,F, which have the same meaning as in Table 13. 



301 



(□) 



(b) 




V [GeV] fJ EGeV] 



(c) 



(d) 




-400 -200 200 400 

/; [GeV] 

— A C — -E 

— B — D F 



1.0 


\ 




0.8 






. 0.6 

en 






□□0.4 






0.2 










-400 -200 200 400 

fj [GeV] 



FlG. 11: Branching ratios of the slepton decays as a function of fi. The results in the four win- 
dows are obtained with the following choices for the parameters, [(M2(GeV), m^GeV), tan/3, Xijk), 
m 0L {GeV),m~ lL {GeV)} : (a) [(80,20,2,0.05), 53.19,81.66], (b) [(80,20,50,0.05), 34.20,86.97], (c) 
[(80, 20, 2, 0.1), 53.19, 81.66], (d) [(200, 100, 2, 0.05), 195.6, 205.2]. The final states are labeled by the letters, 
A,B,C,D,E,F, which have the same meaning as in Table 14- 
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FlG. 12: Mass spectrum of the supersymmetric particles (a), in GeV, and branching ratios for the 
decays of the chargino (b), sneutrino (c) and slepton (d), as a function of \i. The results are obtained 
for m = lOOGeV, using equation (3.2). The final states in figures (b),(c),(d) are labeled by the letters, 
A,B,... which have the same meaning as in tables 12,13,14, respectively. 
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generate events with 2 leptons + Jft. At this point, it is necessary to specialize our discus- 
sion to a single dominant coupling constant hypothesis, assuming A^ 7^ not necessarily 
identical to X m jj. One may distinguish the following four distinct cases. For an LSP xli 
namely, m^o < m^mo (Case 1), only the direct RPV three-body decays, Xi ~^ ^Jjh, 
Xi — > Viljh, are allowed. The branching ratios are then determined on the basis of simple 
combinatoric arguments. For a dominant coupling constant, say, A m n, there are four final 
states : z/i/~e + , z/J+e - , v m e~e + and u m e + e~ . Accordingly, the branching ratios of Xi m t° 
two charged leptons will depend on the type (flavor, charge) of the final state : The bran- 
ching ratios equal | for the flavor diagonal e + e~ or flavor non diagonal l^e* channels, \ 
for the fixed charges and flavors l + e" or l~e + channels and 1 for the lepton-antilepton 
pairs of unspecified flavors. For a dominant coupling constant A^ 7^ A m n, an analogous 
result is obtained. For m^o > m^mp (Case 2), the branching ratio for Xi decay is, 

o/~o - j n = r (x° ^ ljlj)B(lj ->• Vil k ) + T(xj -> j>iVi)B(j>i -> Zj-Zfe) = 1 f42 x 

Ul 1 J feJ "' sr(x? - hh) + sr(x? - w) 3' 1 • J 

where we have used the fact that in the present case, assuming a dominant coupling 
constant A^, B(lj — > PjZfc) = — > /,/&) = 1. The factors 3 in the denominator account 
for the number of families. For the intermediate case, > m^o > m ; ~ (Case 3), there 
occur contributions from 2-body RPC decays and 3-body RPV decays, such that : 

„ ^ vm = m^iM±m^vm^M * i, ( 4. 3) 

where the prime on T' is a reminder to indicate that the decay width includes only the 
contribution from a virtual sneutrino exchange. The approximate equality in eq.(4.3) 
derives from the fact that T'(xi ~^ ^djh) << ^{Xi hh\ Dase d on the expectation that 
an RPV 3-body decay should be much smaller than an RPC 2-body decay. An analogous 
argument to that of case 3 holds for the other intermediate case, mi > m^o > m„ (Case 
4). For the cases 2, 3 and 4, the multiplicity factors are the same as for the case I. The Xi 
process may occur at the end stage in the decays of Xi , I and z>, to be discussed below. 
The associated Xi decay multiplicity factors for the two leptons final states will then take 
the same values as quoted above for the various selection criteria. In quoting numerical 
results below, we shall, for convenience, assume the case of unspecified lepton flavor and 
charge and thus will set the multiplicity factors to unity. 



Lowest mass Chargino 

The results in Fig. 9 for the high tan/3 case show a high degree of symmetry with 
respect to /J, «-> —fj,, which arises from the symmetry in the inos mass spectrum (Figure 
3(a)(b)). As can be seen from Figure 9(a), a dominant mode for the chargino at high values 
of is the cascade decay, xT — > since this occurs via the two-body decay, xT — * 

l~u (C(7)). Indeed, for these high values of //, one has m p < m^-. This two-body decay 
competes with the other two-body decay E, xT — > X°W~ , when the latter is kinematically 
allowed, as is the case for \i < — 200GeV in Figure 9(d). The difference between the values 
of the branching ratios C(7) and E is explained by the relative phase space factors of the 
associated rates. The RPV direct decays (A and B) are three-body decays with small 
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coupling constant and are thus suppressed. In the case, m 9 < m^o < m^±, the only 
open channel for the sneutrino is, v — > 11, so that the dominant mode for the chargino 
decay is the RPV decay B(4) (high values of |/x| in Figure 9(b)). Even for m p ~ ^x ' ^ ne 
channel B(4) is competitive due to a small phase space {ji ~ — lOOGeV in Figure 9(a)). 
In this case, for \ij k = 0.1, the direct RPV decay B(4) can become dominant (moderate 
negative values of \i in Figure 9(c)). For small values of the difference between the 
two dominant leptonic (C) and hadronic (D) cascade decays is due to the flavor and color 
factors. We note also that in a small interval of /i near /i = 0, m^o > m^± (see Figure 3), 
and consequently the only open channels are the direct RPV decays (Figure 9(a)(c)(d)). In 
this region, the direct RPV decay A(l) is negligible because the branching ratio depends 
on Uu which is small [51]. In conclusion, the highest branching ratios are associated with 
the cascade decays, C,D and E, except for the case in which the sneutrino is the LSP, 
where they are associated with the RPV decays B. The range of /i for which the chargino 
Xi is the LSP is excluded by the experimental constraints on the inos masses (see Figure 
3). 

Sneutrino 

We turn now our attention to the sneutrino decays. For high values of fx, the cascade 
decay D has the highest probability (Figure 10(a) (d)) since the decay into chargino is 
either kinematically forbidden or suppressed by a small phase space. As for the chargino 
study, the RPV direct decay A is of course small except when the competitive channel 
is reduced by a small phase space factor (fi — lOOGeV in Figure 10(a)). In such a 
case, the RPV direct decay A may be important for values of A^ near 0.1 (negative fj, in 
Figure 10(c)). When the sneutrino is the LSP, the RPV direct decay has a branching ratio 
equal to unity (Figure 10(b)). For small the decays E(6) and F(8) through charginos 
dominate the decay D through neutralinos. The reason is that for fi = 0, Xi is a pure 
higgsino, whose couplings are weak. In the so called higgsino limit, /i —» [51], the decays 
B and C(3) are small since they occur through the x~ RPV direct decays. However, they 
have the highest probability if, m^o > m-± (Figure 10(a)(c)(d)). The relation between the 
leptonic (E) and hadronic (F) cascade decays can be explained in the light of the study 
on the chargino. We conclude that the cascade decays, B, D, E and F, are always the 
dominant modes, except when the sneutrino is the LSP. 

Slepton 

Finally, we concentrate on slepton decays. For high values of n, the cascade decays 
via charginos are reduced because of a small phase space ~ 400GeV in Figure 11(b) 
or for fi < in Figures ll(c)(d)) or even closed (for /i < in Figure 11(a)). In these 
cases, the decay D via neutralinos dominates. Elsewhere, the decays via charginos have 
higher branching ratios (for [i > in Figures ll(a)(d)) since larger coupling constants 
are involved. In the higgsino limit, the slepton cascade decay D via Xi is suppressed 
for the same reason as in the sneutrino study. The decay via Xi is then dominating. 
The interpretation of the difference between the decays, B, C, E and F, via charginos 
is based on the specific behaviours of the chargino branching ratios which have already 
been described above. We see in Figure 11(c), that for A^-fc = 0.1, the RPV direct decay 
A is still very reduced. This is due to the important phase space for the slepton decay 
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into neutralino. Lastly, a new phenomenon appears for the slepton case. In the higgsino 
limit (/i — > 0) at large tan/5, the matrix element Uu — > which forces the vertex / x* 1 v 
(see eq.2.3 in Appendix 2) and the branching ratios for the cascade decays through the 
chargino to vanish [51]. This is the explanation of the fact that for \x ~ 0, one observes 
a peak of the direct RPV decay branching fraction (Figure 11(b)). Similar peaks are also 
observed at shifted \x < for the low tan/3 cases (Figures ll(a)(c)(d)). However this 
behaviour appears for ranges of the parameters which are forbidden by the bounds on 
the inos masses (Figure 3). The conclusion is that the cascade decays have always the 
highest probability for the reason that the L-chirality slepton cannot be the LSP in generic 
supergravity models. 

Discussion 

In summary, we have learned that the general behaviour of branching ratios is mainly 
determinated by the phase space and thus by the ordering of the supersymmetric particles 
masses. We have explored all the characteristic cases, mr, > m~- > m^o , m~- > mo > m^o 
and m^- > m^o > m^. For high values of mo lying above M2, the sleptons would have 
masses greater than the inos masses. We have not analysed this case since one has then the 
same situation in the mass ordering as for the case of small values of (except for large 
enough values of m where the on-shell W ± production can take place in I and v decays 
G). In this situation, as we have explained above, the charginos principally decay into 
neutralinos, while the sleptons and sneutrinos decay into charginos. The main conclusion 
is that the cascade decays are the dominant modes except if the sneutrino is the LSP. In 
this case, the RPV decay, Xi ~^ h^i kljh, is dominant for the chargino decays, and the 
only open channel for the sneutrino is of course the direct RPV decay. Besides, for values 
of Xijk higher than 0.05, the RPV direct decay branching ratios can reach significant levels 
for the case where the cascade decays are suppressed due to small phase space factors. 

The excitation of the second neutralino x\ deserves some attention since this may 
have in certain regions of the parameter space comparable, if not larger, production rates 
than the excitation of x\- Assuming that the direct RPV widths are small enough so 
that the decay chain is initiated by the RPC contributions, then the desintegration mode, 
X2 —> (Xi + (X? + vi>), will also yield 21+^ and 41+^ final states, respectively, and 

the other desintegration modes, x\ ~^ (xt + ^^1X1 + (vv,i>&), (^l^), will yield 
21+^£ and 41+^ final states according to decay schemes similar to those given in Tables 
13,14,12. In our supergravity models, the x.2 decay into xt should be suppressed by a 
small phase space (Fig.3). To determine which of the decay modes, x.2 ~^ Xi, I or ^1 leads 
to the dominant signal would require a detailed comparison of branching ratios at the 
initial as well as the subsequent stages. 

Let us ask in what way would alternate hypotheses on the family dependence affect 
our conclusions. Especially regarding the multiplicities of final states, this is relevant for 
the cases, m~- > mj, where the chargino can cascade decay to on-shell sleptons or 
sneutrinos (A(2) and B(4) in Table 12). As we have emphasized in the last paragraph of 
Section 2.2, the chargino decays have a multiplicity of 2 for three degenerate families of 
sleptons. For the case of two degenerate families, labeled by the indices, m, n, assuming a 
dominant RPV coupling constant A^, the multiplicity equals 2 for (m,n) = since 
the two sleptons from families % and j can be produced on-shell, and equals 1 for m = k or 
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n — k. For the physically interesting case of a single low mass family, labeled by the index, 
m, one finds that the multiplicity equals 1 for m ^ k and otherwise. The conclusion 
is that the RPV contributions A and B (in Table 12) to the chargino branching ratios 
increase as the number of slepton families, which are lower in mass than the chargino, 
becomes higher. This effect, which is quite small, would affect the branching ratios in 
parameters regions for which the RPV contributions A and B are not weak, that is for 
/i < in Figures 9(a) (b)(c). 

In Figure 12, we present results for the branching fractions for fixed mo in the infrared 
fixed point model with electroweak symmetry breaking. In this constrained version, where 
mi/2 varies with /i, the dependence on ji is rather similar to that of the non minimal model 
where we worked instead with fixed m and m^. However, as we see from the mass 
spectrum, here the LSP is the neutralino Xi f° r & U t ne physical ranges of the parameters. 
Due to the large mass difference between the Xi LSP and the NLSP (next to LSP), the 
cascade decays are the only dominant modes and the branching ratios for the RPV direct 
decays are very weak. 

Let us add a few qualitative remarks on the predictions of gauge mediated supersym- 
metry breaking models. In order for the production rates in the minimal model [52] to 
have the same order of magnitude as those obtained in the supergravity model of section 
4, one needs a parameter A = ~ lO^GeV, using familiar notations for the supersymme- 
try breaking scale (y/~F) and messenger scale (M). Concerning the signals, by comparing 
the mean free paths for x\ (favourite candidate for LSP) in both models, one finds that 
the decay channel to the gravitino, Xi ~ ¥ 1 G, becomes competitive with the RPV decay 
channel, x°i -> vll, for, < 

Let us also comment briefly on some of the experimental issues. A given final state 
can possibly arise simultaneously from several of the single production processes. The 
important 41+$ signal which occurs for x ± , ^ ± ,^ productions is one such example where 
one may be forced to add all three types of cross sections in comparing with some gi- 
ven experimental data sample. Similarly, for most signals, one must typically add the 
contributions from the two charge conjugate partner processes. Concerning the com- 
petition with the standard model background, one expects that the most important 
contributions to the final states, 21+$ and 41, will arise from the reactions, Ijlj — > 
W+l-u, W-l+v, W + W~, Z°l + l~, Z°Z°, Z° 7 . In spite of the large standard model 
rates of order one picobarn at y/s = 500GeV [38], one should be able to distinguish the 
single production signals by exploiting their specific non diagonal flavor character (final 
state B in Table 14 and A in Table 13). The other multileptons final states, generated by 
the cascade decays, 41+$, A\+Z°, 31+Z°+W /± +$... have a standard model background 
which is negligible. The potentially large two photons background processes, induced by 
77 photons pairs radiated by the initial leptons, can be significantly reduced by imposing 
suitable cuts on the leptons transverse momenta. Finally, we note that the selection by the 
RPV single production of identical helicities for the initial state, l^ljj, can be exploited 
to discriminate against the minimal supersymetric standard model and also the standard 
model, for which the identical helicities configuration only appears with the t-channel 
Z-boson exchange. 
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FlG. 13: Distributions of missing energy, muon transverse momentum, same sign muon pair angle, 
summed transverse momentum for opposite sign (OS) and same sign (SS) leptons pairs (electrons and 
muons) for the single production processes, Ijlj — > Xi t 1 ^ ; Xi^mj Xi^a" ^& v in X2^m (solid line), and the pair 
production process, Ijlj — > XiXi (dashed line), at a center of mass energy of350GeV. The parameters 
values are, M 2 = 250GeV, m = 70GeV, \i = AOOGeV, tan/3 = 2, A 2 n = 0.05. Events samples, 
consisting of 5000 events each, are generated for the inos single production and neutralino pair production, 
respectively. 

5 Dynamical distributions 

The distributions of rates with respect to kinematical variables associated with the 
final states offer helpful means to characterize the underlying production processes. As 
an indicative study we shall present here some characteristic dynamical distributions 
obtained for the production reactions, Ijlj — > xfP, Xi u i Xi^, 5di v -> xt^i from a Monte 
Carlo events simulation for which we have used the event generator SUSYGEN [41]. 
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We concentrate on the final state signals of 21+$, 41 and 41+$. Note that for high 
values of /x, the final state 41+$ is the dominant mode for the chargino, slepton and 
sneutrino decays. This signal also receives contributions from the reactions, l~jlj — > 
i>Z (i?Z ),i"-f(v'-f),l ± W T , which however are not included in the simulation. The stan- 
dard model background is expected to be small for the 41+$ signal. The main background 
from the minimal supersymmetric standard model interactions arises from the neutralino 
RPC pair production, — > XiXv Following the analysis in [53], we consider an in- 
cident energy of yHs = 350GeV and use a non minimal supergravity model for which 
we choose the set of parameters, M 2 = 250GeV, ji = 400GeV, m = 70GeV, tan (3 — 2, 
which yields the spectrum, m^o = 118.5GeV, m^o = 221AGeV, m~± = 2l9.lGeV,m„ L = 
225GeV, mi = 233GeV, = lAlGeV. The integrated rates (ignoring acceptance cuts) 
are, for X m jj = 0.05 [m = 2], a(xt^~) = 30.9/6, <r(x?^) = 4.8/6, a(x%) = 12.1/6 and 
a (XiXi) = 238.9/6. We consider the following five dynamical variables for all types of 
final states : Invariant missing energy, E m = Pi where the sum is over the neutrinos, 
as appropriate to a broken R parity situation ; Average per event of the ^ lepton trans- 
verse momentum, PtifJ^) = ^ - , where is the number of muons; Angle between 
the momenta of same electric charge sign (SS) muons pairs ; Average per event of the 
summed transverse momenta for leptons pairs of same sign (SS) or opposite sign (OS), 

Pf s ' os (ll) = — — ]^ Pt ^ j \ where N is the number of configurations and I = e,fi. 

We have generated the inos single production and the Xi P a h production in separate 
samples of 5000 events each. Our choice of using equal number of events for both reactions 
has been made on the basis of the following three somewhat qualitative considerations, 
none of which is compelling. First, the single production reactions occur in company of 
their charge conjugate partners, which multiplies rates by a factor 2. Second, the other 
v and I single production reactions, which have not been included, would be expected 
to add contributions of similar size to the leptonic distributions. Third, assuming for the 
RPV coupling constant the alternative bound, \ m jj 100Gey < 0.05, there would result a 

relative enhancement for single production over pair production by a factor, ( loo^y ) 2 - 
The above three points motivate our rough guess that the number of events chosen for the 
five single production processes (together with their charge conjugate partners) should be 
of comparable size to that of the Xi P arr production process. 

The results are shown in Figure 13. The single production reactions present certain 
clear characteristic features : Concentration of missing energy E m at low energies ; pro- 
nounced peaks in the muon transverse momentum P t (/i ± ) and in the angular distribution 
for the same sign muons pairs ; and a double peak in the transverse momentum dis- 
tribution for the opposite sign leptons pairs, P° s {ll). The large transverse momentum 
components present in the single production distributions in P° S {U) and in P t (// ± ) are 
explained by the fact that one of the two leptons (namely, l^) is created at the production 
stage. Similarly, the existence of a strong angular correlation between same sign muons 
pairs is interpreted naturally by the momentum conservation balance between the lepton 
1^ produced in the initial stage and the other lepton produced at the decay stage. Al- 
though there are certain distinguishing properties between the single and pair production 
processes, the discrimination between the two may depend crucially on the relative sizes 
of the associated event samples. Of course, the best possible situation would be for an 
energetically forbidden neutralino pair production. 
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Finally, we comment on the effect of eventually excluding the X2 single production 
component. In that case, most of the signals for single production would become less 
diluted in comparison with neutralino pair production, the large missing energy signal 
would be removed while the large OS lepton pair Pf s (U) signal would become amplified. 

6 Conclusions 

We have analysed the full set of 2 — > 2 single production processes at leptonic colli- 
ders induced by the RPV interactions LLE C , within a supergravity model. Although our 
approximate study has obvious limitations (factorisation and narrow resonance approxi- 
mation, neglect of the spin correlations and omission of acceptance cuts), it uncovers the 
general trends of all the 5 single production reactions. Over the whole parameter space, 
for an RPV coupling constant \ m jj of order 0.05, the integrated rates are of comparable 
order of magnitudes although xf and v are typically larger by factors of 2 compared to 
/ production and by factors of 5 compared to Xi production. The detectability for each 
single production separately is modest at LEPII but comfortable at NLC, corresponding 
to a few events and a few thousands of events per year, respectively. A wide region of the 
parameter space can be probed at \ m jj > 0.05. In spite of the rich variety of final states, 
the dominant signals arise from the single or double RPC induced cascade decays to the 
LSP, which are also favored by phase space arguments. For the minimal supergravity 
model, assuming electroweak symmetry breaking, large mass differences occur between 
the scalar superpartners and the x± LSP, leading to dominant cascade decays modes with 
weak competitivity from the RPV direct decays. The signals, 41+^,61,61+^, arising from 
cascade decays are free from standard model background which make them quite inter- 
esting signatures for the discovery of supersymmetry and R parity violation. Even the 
41 signal arising from direct RPV decays could be observable due to a characteristic non 
diagonal flavor configuration. For center of mass energies well above all the thresholds, 
the 41+$ signal receives contributions from all five single production processes and hence 
should be strongly amplified. We have presented some dynamical distributions for the 
final states which could characterise the single production reactions. 
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1 Formulas for spin summed amplitudes 

We discuss the five 2-^2 body single production processes given by eq.(2.1). The 
formulas for the probability amplitudes are : 

M(x a + O = 9X y J ^ :i v(k')P L u(k)u c (p)P L v(p) ~ f™ JJ ^ :i u c (p)P L u(k)v(k')PLv(p'), 

M(x° a + v m ) = + V l 9Xm 2 JJ l(K 2 - tg6 w Nl x )u{p)P L vV)vW)P L u{k) 

+ f_ gXm 2 JJ kK2 + tg9 w N: i )u{p)P L u{k)v{k')P L v{p') 

IjL 

+ ^\ J \ tg9 w N: 2 )v%p')PMkMk')P L v(p), 

U TXXr 

t>JR 

M{l- mL {p) + W + (p')) = 9KnJ \ 2p ■ e(p')v(k')P R u(k) + 9 -^v(k'h • WW ~ WW*), 
M(D mL (p) + Z(p>)) = g% fWh ■ e(j/)(t - t)a L (e)PMk) 

2 COS 9yy t — Tfl^ 

v(k')a R (e)P R (k'-p"h-e(p')u(k) v(k>)a L (i>)P R u(k)2p ■ e(p') 
u — mf s — mf. , 

Mdl ,\* Mk'^ ■ e{p')^ - j>)P R u{k) g(g)(jj - fYf ■ e(p')P R u(k) 

m { l/ mL{P) -T 7{P )) — eA mJJ[ 7 ~~2 1 ' ~~2 J" 



t — mf u — m 



ij 



In deriving the results for the inos production amplitudes, we have systematically neglec- 
ted their higgsino components. The parameters in the Z°ff and Z°ff vertices denoted 
as, a H (f) = a(f H ) and a H (f) = a(f H ), are defined by, a(f H ) = a(f H ) = 2T"(f) - 2Qx w , 
with H = [L, R] and xw = sin 2 6w- Throughout this work, our notations follow closely 
the Haber-Kane conventions [48]. 

The unpolarized cross sections in the center of mass frame are given by the familiar 
formula, da/dcos9 = p/(l28irks) J2 po i \M\ 2 , where the sums over polarizations for the 
probability amplitudes squared are given by : 



E \M(Xa+0\ 2 = \^mJj9V c 

pol 



* |2 
all 



s(s - m 2 - ml) (m 2 - t){m 2 m - t) 

Ui _|_ Ui 



- Re 



\R S {VmL)\ 2 \Rt{v JL )\ 2 

{s{s - ml- - mjj + (m 2 _ - t){m 2 m -t)- (m 2 _ - u)(mj m - u)) 



;i-2) 



E W{XI + 



pol 



A(t-m 2 - ) 
N a2 + tg9 w N al \ 2 - — 

1 ' \Rt{l JL )\ 2 



+ A\tg9 w N a2 \ 



U[U 



\Ru{Ijr)\< 



+ \N a2 -tg9 w N al \ 



■S(S 



\Rs(VmL)\ 2 
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- Re( (N* a2 - tg9 w N* al )(-N a2 - tg9 w N al 



(s(s - m|g) - t(m|, -t)+ u{m\ 0a - u)) 



+ 2(iv a * 2 - t g e w N* al )(-t g e w N a2 ) 



+ 2(-N* a2 -tg9 w N* al )(-tg9 w N a2 ) 



Rs(i> m L)R*t(ljL) 

(s(s - mL) - «(m|o -u) + t(m% - t)) 

Aa Aa /la 

R s (i>mL)R* u (ljR) 

(-u(m%o -u) - t(mL - t) - s(s - m% )) 

Rt{ljL)Rl{lj R ) 



(1.3) 



e m- L + = ^^( (s " mf rr m " )2 - 4-?- ) - * 2 ' w 



2|i? s (z> mL )| 2V m 2 w W 2|ip 

x [(mf- - t) (m 2 w -t) + st+ mw 2 1 {{m\- - t) (m 2 w +t) + t(m 2 w - u) 

mL TTlyy \ mL 

- 9 2 Re X Xf mJ ' iH- -t){ml -u) + s(ml - u) + (mf_ -t){m 2 w -t) 

ttX a \l' rn l J ) mL mL mL mL 

s(s - mly - m~- ) (m 2 w - t) 

' ' 1 (1-4) 



m 2 w 



E \M(u mL + Z)\ 2 = y |A - JJ| fie 

cos 2 # W 

(sin 2 W 



3 2 |A m jj| 2 n J g (s-m? mL -m|) 2 _ 
fi s (z> mL )p l 4m| 

,2 



(( m Li - U )( m Z -U)+SU+ ^ 2 M ((^Ll - M )( m l + *) + M ( m l ~ *))) 



|K(/j)| 

(2 sin 2 9 W - l) 2 / 2 2 m 2 z -t 



- t)(m| - t) + st + ^i((m 2 mL - i)(m| + t) + t(m 2 z - «))) 



f sin 2 t 



Ru{lj)R* s {VmL) 



m lmL - ^OLi - M ) + S (™Lr " *) + ("^Ll - U )("4 - M ) 



: 2\/ 2 \ \ . (2 Sin #14/ 1) / . 2 <\/ 2 \ , / 2 \ 



m| v zyv z V 2R t (lj)R* s (u mL ) V 



+ (™Z - (™i> mL - *) - — 2 ( m Z - *) ( S - m u mL - m Z 



v mL I v v mL ' v v mL 

2n i\/ • 2, 



s 2 \/ 2 2 \ \ (2 sin 0jy — l)(sin # w 



^ 7 m| v z 7V ^ ' 2 R t (lj)R*(lj) 

x («, " «)«* - + * m L L - ^~ {& ~ " — " - M ) 



- t)(m| - t) - s(s - mj mL - m|)) + (m| - «)(m| - 



(1.5) 



|M(z> mi + 7 )| 2 = 2e 2 |A mJJ | 2 ((m 2 mL - t)(m 2 mL - «) - sm 2 m )[^-^ + j^yp] 

+ tfWaLj ww ■ (L6) 

where i?e stands for the real part, R s {vi) = s — m 2 . + im^Yy^ Rtipi) — t — m 2 . and 
Ru{vi) — u — m|., [s = (k + k') 2 , t — (k — p) 2 , u — (k — p') 2 ], with similar definitions 
applying for the propagator factors R s ,t,u(h, h)- 
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2 Formulas for partial decay widths 

The formulas for the various two-body decay widths are quoted below. 



IQtt V m 



r(i? - # + n = TblKi| 2 m,( 1 - -f ) (2.1) 



O z / 777.- \ 2 

T(z> - X° + i/) = 4r\ N ^ ' N a itan6 w \ 2 mJl-^) (2.2) 



n^^^i^K^^) 1 (2-3) 



t2 / rn? \ 2 

Xa 



r ( l [L,R] + n = ^[|iV a2 + iV al tan^| 2 ,|iV a2 tan^| 2 K H (^l- -f J (2.4) 

r(z>,(M) - Zfc(mi) + Z+(m 2 )) = r(J; £ (M) - Pi(mi) + £ (m 2 )) 

= r(/^(M)^z/ l (m 1 ) + /-(m 2 )) 

^ 2|A;| r (|O L | 2 + |O R | 2 )((M 2 +M 2 -m^) 



r(^(M ± )^x?(M )+^ ± (m H ,)) = 



16ttM£ 

+ ^2-(Ml - M 2 - m^)(Ml - Mg + m 2 ^; 



-12 M M ± Re(o L O* R 



(2.6) 



g 2 M m / 



[iT/iVoa - tan^(T 3 / - Q / )AT al | 2 , | tan^iV a2 | 2 ] (2.7) 



a 2 Mj. ITT 2 ; 

- /[T^-iAi/2]/') = w (1 "m§ )2[|c/ ° i|2 ' IKi|2] - (2 - 8) 

We use the notations : L = Of m = - ^ 4 F* 2 , fi = = N l2 U ml + 

^Nf 3 U m2 , M± = m^±, M = m^o and fc = (M 2 , m 2 , m 2 )/2M with A(a, 6, c) = a 2 + 

6 2 + c 2 + ab + 6c + ac. The notations, T 3 jf , Q-^, stand for the third component of the 
SU(2) L group and the electric charge of the fermion /. We have omitted the higgsino 
components of the inos. We shall use the simplified formulas for the RPC three-body 
decays, x~ — > x? + lv, qq, obtained by neglecting the three-momenta in the W and 
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I propagators, as quoted in [54]. We have set in these formulas, the flavor and color 
parameters to, Nf = 2, N c = 3 for quarks and Nf = 3, N c = 1 for leptons. The 



formulas for the spin summed amplitudes of the RPV decays x a ~ ¥ v i v j^k ■> 



''k J L i i 



associated to the coupling constants \jk, were first derived in [15] (see the appendix). The 
integrated decay rates are given by familiar formulas [47] involving twofold integrals over 
the final state three-body phase space. If we neglect the final particles masses, an analytic 
formula can be derived for the integral giving the contributions to the charginos partial 
rates associated with the gauginos components only (neglecting the higgsino components 
contribution). For completeness, we display the final results : 



|2 r 



Xa 128vr 3 



- 5 + Qfij + (2 - Sfij + 6/4) log(l ) 



- 5 + 6//i + (2 - 8/i, + 6^) log(l ) 

1 



+ + + ilfi - fr) M 1 - — ) + - to) M 1 ~ —) 

- W log(l-l)log( ^ + /ij " 1 ) 

- /Xi//jlog(l )log( J - ) 

Hj Hi 

jlj jj,i jlj l^i 



(2.9) 



where Sp(x) = Polylog(x) = Li2(x) is the Spence or Polylog function. We use the 
notations jia — m l a /M?-, [a = X ai = U a i for the decay Xa ~^ ^JC> an d = 
mj /Ml-, [a = X al = V al for the decay x~ -> 9(0^. 
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Abstract 



We study the single chargino production e + e~ — > x at linear colliders which occurs 
through the Am R-parity violating coupling constant. We focus on the final state contai- 
ning 4 leptons and some missing energy. The largest background is supersymmetric and 
can be reduced using the initial beam polarization and some cuts based on the specific ki- 
nematics of the single chargino production. Assuming the highest allowed supersymmetric 
background, a center of mass energy of yfs = 500GeV and a luminosity of C = 500/6 -1 , 
the sensitivities on the A m coupling constant obtained from the single chargino production 
study improve the low-energy experimental limit over a range of Am„ ps SOOGeV" around 
the sneutrino resonance, and reach values of ~ 10~ 4 at the v pole. The single chargino 
production also allows to reconstruct the xf, xf an< ^ & masses. The initial state radiation 
plays a fundamental role in this study. 
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1 Introduction 



In supersymmetric theories, there is no clear theoretical argument in favor of the 
conservation of the so-called R-parity symmetry either from the point of view of grand 
unified models, string theories or scenarios with discrete gauge symmetries [1]. The pheno- 
menology of supersymmetry (SUSY) at futur colliders would change fundamentally if the 
R-parity symmetry were violated. Indeed, in such a scenario the typical missing energy si- 
gnature caused by the stable nature of the Lightest Supersymmetric Particle (LSP) would 
be replaced by multijet or multileptonic signals, depending on what are the dominant R- 
parity violating ($ p ) couplings. The reason is that the ft p terms of the superpotential 
trilinear in the quarks and leptons superfields (see Eq.(l.l)) allow the LSP, whatever it 
is, to decay. 



W n p = E (l^kLiLjEl + KjkLiQjDt + \K 3k UtD)D^ . (1.1) 

The effects of the $ p decays of the LSP on the study of SUSY particles pair production 
have been considered in the context of linear colliders [2] and futur hadronic colliders, 
namely the Tevatron (Run II) [3, 4, 5, 6] and the LHC [7]. 

The measure of the ^? p coupling constants of Eq.(l.l) could be performed via the 
detection of the displaced vertex associated to the decay of the LSP. The sensitivities 
on the ftp couplings obtained through this method depend on the detector geometry and 
performances. Let us estimate the largest values of the ft p coupling constants that can 
be measured via the displaced vertex analysis. We suppose that the LSP is the lightest 
neutralino (x?)- The flight length of the LSP in the laboratory frame is then given in 
meters by [8], 

c 7 r ~ 3 7 KT 3 m( % ) 4 (1^) 5 (1) 2 , (1.2) 
' 1 V 100GeW m LSP J K A J K J 

where A = A, A' or A", c is the light speed, 7 the Lorentz boost factor, r the LSP life time, 
rriLSP the LSP mass and m the mass of the supersymmetric scalar particle involved in 
the three-body decay of the LSP. Since the displaced vertex analysis is an experimental 
challenge at hadronic colliders, we consider here the linear colliders. Assuming that the 
minimum distance between two vertex necessary to distinguish them experimentally is of 
order 2 10~ 5 m at linear colliders, we see from Eq.(1.2) that the ft p couplings could be 
measured up to the values, 
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There is a gap between these values and the low-energy experimental constraints on the 
ftp couplings which range typically in the interval A < 1CT 1 — 10~ 2 for superpartners 
masses of lOOGeU [1, 9, 10]. However, the domain lying between these low-energy bounds 
and the values of Eq.(1.3) can be tested through another way : The study of the pro- 
duction of either Standard Model or SUSY particles involving ft p couplings. Indeed, the 
cross sections of such productions are directly proportional to a power of the relevant 
^? p coupling constant (s), which allows to determine the values of the $ p couplings. There- 
fore, there exists a complementarity between the displaced vertex analysis and the study 



322 



of reactions involving ft p couplings, since these two methods allow to investigate different 
ranges of values of the ft p coupling constants. 

The studies of the ft p contributions to Standard Model particle productions have been 
performed both at leptonic [ll]-[28] and hadronic [29]-[35] colliders. Those contributions 
generally involve two ft p vertex and have thus some rates proportional to A 4 . The processes 
involving only one ft p vertex are less suppressed since the ft p couplings incur stringent 
experimental limits [1, 9, 10]. Those reactions correspond to the single production of 
supersymmetric particle. Another interest of the single superpartner production is the 
possibility to produce SUSY particles at lower energies than through the superpartner 
pair production, which is the favored reaction in R-parity conserved models. 

At hadronic colliders, the single superpartner production involves either A' or A" cou- 
pling constants [8, 29, 36, 37, 38, 39, 40, 41]. The test of the A couplings via the single 
superpartner production can only be performed at leptonic colliders. At leptonic colliders, 
either gaugino (not including gluino) [12, 42, 43, 44] or slepton (charged or neutral) [44] 
can be singly produced in the simple e + e~ — > 2 — body reactions. The single production 
of slepton has a reduced phase space, since the slepton is produced together with a Z or 
W gauge boson. In contrast, the Xi is produced together with a neutrino. Nevertheless, if 
the Xi is the LSP, as in many supersymmetric scenarios, it undergoes an ft p decay which 
reads as Xi ~^ ^-v if one assumes a dominant A Yukawa coupling. Therefore, the single 
Xi production leads typically to the 21 + Ip final state which has a large Standard Model 
background. In this paper, we focus on the single chargino production e + e~ — > X^^m-* 
which occurs through the ft p coupling constants Xi m i (m = 2 or 3). There are several mo- 
tivations. First, the single chargino production has an higher cross section than the single 
neutralino production [44] . Moreover, it can lead to particularly interesting multileptonic 
signatures due to the cascade decay initiated by the chargino. 

The single gaugino productions at e + e~ colliders have t and u channels and can also 
receive a contribution from the resonant sneutrino production. At y/s = 200GeV, the off- 
resonance rates of the single chargino and neutralino productions are typically of order 
100/6 and 10/6, respectively [44], for a value of the relevant ft p coupling constant equal to 
its low-enery bound for m~ eR = lOOGeV : X lml = 0.05 [9]. The off-pole effects of the single 
gaugino production are thus at the limit of observability at LEP II assuming an integrated 
luminosity of C ~ 200pb~ 1 . At the sneutrino resonance, the single gaugino production has 
higher cross section values. For instance with Xi m i = 0.01, the chargino production rate 
can reach 2 10 _1 p6 at the resonance [42]. This is the reason why the experimental analysis 
of the single gaugino production at the LEP collider [20, 21, 22, 23, 24] allows to test 
ft p couplings values smaller than the low-energy bounds only at the sneutrino resonance 
t/s = my and, due to the Initial State Radiation (ISR) effect, in a range of typically 
~ 50GeV around the v pole. The sensitivities on the \\ m \ couplings obtained at LEP 
reach values of order 10~ 3 at the sneutrino resonance. 

The experimental analysis of the single gaugino production at futur linear colliders 
should be interesting due to the high luminosities and energies expected at these futur 
colliders [45, 46]. However, the single gaugino production might suffer a large SUSY back- 
ground at linear colliders. Indeed, due to the high energies reached at these colliders, the 
pair productions of SUSY particles may have important cross sections. 

In this article, we study the single chargino production via the A m coupling at linear 
colliders and we consider the final state containing 4 leptons plus some missing energy (Jp). 
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We show that the SUSY background can be greatly reduced with respect to the signal. 
This discrimination is based on the two following points : First, the SUSY background can 
be suppressed by making use of the beam polarization capability of the linear colliders. 
Secondly, the specific kinematics of the single chargino production reaction allows to put 
some efficient cuts on the transverse momentum of the lepton produced together with the 
chargino. We find that, by consequence of this background reduction, the sensitivity on 
the A121 coupling obtained at the v resonance at linear colliders for y/s = 500GeU and 
C = [45] would be of order 10~ 4 , namely one order of magnitude better than 

the results of the LEP analysis [20, 21, 22, 23, 24], assuming the largest supersymmetric 
background allowed by the experimental limits on the SUSY masses. 

Besides, in the scenario of a single dominant ft p coupling of type A with xl as the 
LSP, the experimental superpartner mass reconstruction from the SUSY particle pair 
production suffers an high combinatorial background both at linear colliders [2] and LHC 
[7]. The reason is that all the masses reconstructions are based on the xl reconstruction 
which is degraded by the imperfect identification of the charged leptons generated in the 
decays of the 2 neutralinos as Xi ~^ an d the presence of missing energy in the final 
state. In particular, the chargino mass reconstruction in the leptonic channel is difficult 
since the presence of an additional neutrino, coming from the decay x* 1 ~^ 5d^ v i renders 
the control on the missing energy more challenging. In this paper, we show that through 
the study of the 4/ + ^ final state, the specific kinematics of the single chargino production 
reaction at linear colliders allows to determine the xt,2 an d & masses. 

In Section 2 we define the theoretical framework. In Sections 3 and 4 we describe the 
signal and the several backgrounds. In Section 5, we present the sensitivity on the SUSY 
parameters that can be obtained in an e + e~ machine allowing an initial beam polarization. 
In this last section, we also show how some information on the SUSY mass spectrum can 
be derived from the study of the single chargino production, and we comment on another 
kind of signature : the 3/ + 2jets + ]p final state. 

2 Theoretical framework 

We work within the Minimal Supersymmetric Standard Model (MSSM) which has 
the minimal particle content and the minimal gauge group SU(3)c x SU{2) L x U(l)y, 
namely the Standard Model gauge symmetry. The supersymmetric parameters defined 
at the electroweak scale are the Higgsino mixing parameter //, the ratio of the vacuum 
expectation values of the two Higgs doublet fields tan/3 =< H u > / < Hd > and the 
soft SUSY breaking parameters, namely the bino (B) mass Mi, the wino (W) mass M 2 , 
the gluino (g) mass M 3 , the sfermion masses mj and the trilinear Yukawa couplings A. 
The remaining three parameters m 2 H , m 2 H and the soft SUSY breaking bilinear coupling 
B are determined through the electroweak symmetry breaking conditions, which are two 
necessary minimization conditions of the Higgs potential. 

We assume that all phases in the soft SUSY breaking potential are equal to zero in 
order to eliminate all new sources of CP violation which are constrained by extremely 
tight experimental limits on the electron and neutron electric moments. Furthermore, to 
avoid any problem of Flavor Changing Neutral Currents, we take the matrices in flavor 
space of the sfermion masses and A couplings close to the unit matrix. In particular, for 
simplification reason we consider vanishing A couplings. This last assumption concerns 
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FlG. 1: Feynman diagrams of the single chargino production process at leptonic colliders. The ftp coupling 
constant Xj m j (J = 1, m = 2 or 3 for e + e~ colliders and J = 2, m = 1 or 3 for ji + pT colliders) is 
symbolised by a small circle, and the arrows denote the flow of momentum of the corresponding particles. 
The Left and Right helicities of the particles are denoted by L and R, respectively, and the momentum of 
the particles by k,k',p and p'. The higgsino contribution as well as the charge conjugated process are not 
represented. 



the splitting between the Left and Right sfermions masses and does not affect our analysis 
which depends mainly on the relative values of the sleptons, squarks and gauginos masses 
as we will discuss in next sections. 

Besides, we suppose the R-parity symmetry to be violated so that the interactions 
written in the superpotential of Eq.(l.l) are present. The existence of a hierarchy among 
the values of the ft p couplings is suggested by the analogy of those couplings with the 
Yukawa couplings. We thus assume a single dominant ft p coupling of the type Xi m i which 
allows the single chargino production at e + e~ colliders. 

Finally, we choose the LSP to be the Xi neutralino since it is often real in many models, 
such as the supergravity inspired models. 



3 Signal 

The single chargino production e + e~ — > X^^m occurs via the \i rn i coupling constant 
either through the exchange of a Vmi sneutrino in the s channel or a i) e L sneutrino in 
the t channel (see Fig.l). Due to the antisymmetry of the Yukawa couplings in the i 
and j indices, only a muon or a tau-lepton can be produced together with the chargino, 
namely m = 2 or 3. The produced chargino can decay into the LSP as x^ — > x?Zz/ or 
as Xi u d- Then the LSP decays as Xi eez/ m , eez/ m , l m ev e or l m ev e through \\ m \. 

Each of these 4 Xi decay channels has a branching ratio exactly equal to 25%. In this 
paper, we study the 4/ + ]p final state generated by the decay x^ ~^ xV- v °f the produced 
chargino. 

The single chargino production has a specific feature which is particularly attractive : 
Because of the simple kinematics of 2 — > 2 — body type reaction, the energy of the lepton 
produced with the chargino, which we write E(l m ), is completely fixed by the center of 
mass energy s/s, the lepton mass mi m and the chargino mass m^± : 

E(lm) = ^ X ■ (3.1) 

The lepton momentum P(l m ), which is related to the lepton energy by P(l m ) = (E(l m ) 2 — 
m L c4 ) 1//2 / c > * s t nus a l so fixed. Therefore, the momentum distribution of the produced 
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lepton is peaked and offers the opportunity to put some cuts allowing an effective discri- 
mination between the signal and the several backgrounds. Besides, the momentum value 
of the produced lepton gives the x^ 1 mass through Eq.(3.1). Nevertheless, for a significant 
ISR effect the radiated photon carries a non negligible energy and the single chargino 
production must be treated as a three-body reaction of the type e + e~ — > x^tfnl- There- 
fore, the energy of the produced lepton is not fixed anymore by the SUSY parameters. As 
we will show in Section 5.3, in this situation the transverse momentum of the produced 
lepton is more appropriate to apply some cuts and reconstruct the x^ mass. 
In the case where the produced lepton is a tau, the momentum of the lepton (e^ 1 or fj^) co- 
ming from the r-decay is of course not peaked at a given value. Moreover, in contrast with 
the muon momentum, the precise determination of the tau-lepton momentum is difficult 
experimentally due to the unstable nature of the r. From this point of view, the case of a 
single dominant Am coupling constant is a more promising scenario than the situation in 
which A131 is the dominant coupling. Hence, from now on we focus on the single dominant 
^L p coupling A121 and consider the single chargino production e + e~ — > X ± f lT - 

At this stage, an important remark can be made concerning the initial state. As can 
be seen from Fig.l, in the single x~ production the initial electron and positron have 
the same helicity, namely, they are both Left-handed. Similarly in the x + production, 
the electron and the positron are both Right-handed. The incoming lepton and anti- 
lepton have thus in any case the same helicity. This is due to the particular structure of 
the trilinear ftp couplings which flips the chirality of the fermion. The incoming electron 
and positron could also have identical helicities. However, this contribution involves the 
higgsino component of the chargino and is thus suppressed by the coupling of the higgsino 
to leptons which is proportional to mi/(mw cos/3). This same helicity property, which is 
characteristic of all type of single superpartner production at leptonic colliders [44], allows 
to increase the single chargino production rate by selecting same helicities initial leptons. 

4 Background 

4.1 Non-physic background 

First, one has to consider the non-physic background for the 4/ + Ip signature. The 
main source of such a background is the Z-boson pair production with ISR. Indeed, the 
ISR photons have an high probability to be colinear to the beam axis. They will thus often 
be missed experimentally becoming then a source of missing energy. The four leptons can 
come from the leptonic decays of the 2 Z-bosons. This background can be greatly reduced 
by excluding the same flavor opposite-sign dileptons which have an invariant mass in the 
range, lOGeU < \M inv (l p l p ) — Mz\, p — 1,2,3 being the generation indice. Furthermore, 
the missing energy coming from the ISR is mainly present at small angles with respect to 
the beam axis. This point can be exploited to perform a better selection of the signal. As 
a matter of fact, the missing energy coming from the signal has a significant transverse 
component since it is caused by the presence of neutrinos in the final state. In Fig. 2, we 
present the distribution of the transverse missing energy in the 4/ + Ifl events generated 
by the single xt production for a sneutrino mass of = 2A0GeV and for the point A 
of the SUSY parameter space defined as : M l = 200GeU, M 2 = 250GeU, fi = 150GeU, 
tan/5 = 3, m~ l± = 300GeU and m~ q = 600GeV (m~± = U5.7GeV, m^> = 101.9GeU, 
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FlG. 2: Distribution of the transverse missing energy (in GeV) in the 41 + If] events generated by the 
single xt production at a center of mass energy of 500GeV and for the point A of the SUSY parameter 
space with mp = 240GeV. The number of events has been normalized to unity. 

m^o = 154.5GeV). The cut on the lepton momentum mentioned in Section 3 can also 
enhance the signal-to-background ratio. Finally, the beam polarization may be useful 
in reducing this source of background. Indeed, the initial leptons in the ZZ production 
process have opposite helicities. The reason is that the Z — f — f vertex conserves the 
fermion chirality. Furthermore, recall that in our signal, the initial electron and positron 
have similar helicities. Thus if the beam polarization at linear collider were chosen in 
order to favor opposite helicities initial states, the signal would be enhanced while the ZZ 
background would be suppressed. Since the polarization expected at linear colliders is of 
order 85% for the electron and 60% for the positron [45], the ZZ background would not 
be entirely eliminated by the beam polarization effect. 
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4.2 Standard Model background 

The Standard Model backgrounds for the 4/ + Ifi signal come from 2^3 — body 
processes. For example, the e + e" — > Z°Z°Z° reaction can give rise to the four leptons plus 
missing energy signature. Another source of Standard Model background is the e + e _ — > 
Z°W + W~ reaction. The rates for those backgrounds have been calculated in [2] after the 
cuts on the charged lepton rapidity, \r)(l)\ < 3, the charged lepton transverse momentum, 
P t (l) > lOGeV, and the missing transverse energy, Ip t > 20GeV, have been applied. The 
results are the followings. The ZZZ production cross section does not exceed 1/6. The 
ZWW production has a cross section of 0.4/6 (0.1/6) at y/s = 500GeV (350GW) after 
convoluting with the branching fractions for the leptonic decays of the gauge bosons. This 
rate value is obtained without the ISR effect which should reduce the cross section of the 
ZWW production dominated by the t channel exchange contribution [2]. As before, the 
ZWW production can be reduced using simultaneously the cut on the lepton momentum 
indicated in Section 3, the dilepton invariant mass cut and the beam polarization effect. 
Indeed, the initial leptons have opposite helicities in both the s and t channels of the 
process e + e~ — > Z°W + W~ , as in the ZZ production process. 

4.3 Super symmetric background 

The main sources of supersymmetric background to the 41 + ]ft signature are the 
neutralinos and sneutrinos pair productions. 
First, the reaction, 

e + e-^x\ + xl (4.1) 

represents a background for the 4/ + Ip signature since the xl, which is the LSP in our 
framework, decays as Xi ~^ eez/^, eez/^, [iev e or \xev e through the Am coupling. Therefore, 
the XiX^j productions (where % = 1, 4 and j = 1, 4 are not equal to 1 simultaneously) 
leading through cascade decays to a pair of Xi accompanied by some neutrinos give also 
rise to the final state with 4 leptons plus some missing energy. These reactions are the 
following, 

e+e" -+Xi+xt->XiWp + xl (4-2) 

e + e" -> x°i + X°j -»■ XiWp + x\v v >v v >, (4.3) 

where i,j = 2, 3, 4 and p,p' = 1, 2, 3. Besides, the pair productions of neutralinos followed 
by their |? p decays through A m : 

e + e" - X °i + X? - tv + X°i, (4-4) 
e + e~ ^x°i+ X j -> Uv + X> P "p, (4-5) 

e + e~ ^Xi+X j^liv + liv, (4.6) 
where i,j = 2, 3, 4, are also a source of background. 
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Secondly, the 4/ + ]p signature can arise in the sneutrino pair production through the 
reactions, 

e + e~ ^u p + u* p ^ Xi" P + Xp P , (4.7) 

where i,j = 1, ...,4, if the produced neutralinos decay as above, namely either as xl — > 
XiVpVp (if i ^ 1) or as xl -»■ 

The neutralinos and sneutrinos pair productions also lead to the 4/ + lp final state 
via more complex cascade decays such as x° ~~ * X^ u p^p ~ ¥ x\ v p'Vp>v v v v = 2,3,4 and 
% > j) or v — > Z^x^ — > / =F e ± z/ e z/ M where the chargino decays through the Am coupling. 

At the high energies available at linear colliders [45, 46], the rates of the neutralinos 
and sneutrinos pair productions (see Section 5.2) are typically quite larger than the cross 
sections of the Standard Model background reactions (see Section 4.2). We however note 
that in the regions of large Xi an d & p masses with respect to the center of mass energy y/s, 
the XiX'j an d v p i>* productions cross sections, respectively, are suppressed by the phase 
space factor. In the kinematic domain 2m^o,2m,> p > y/s > m~± > m^o (i = 1, ...,4 and 
p = 1,2,3), all the neutralinos and sneutrinos pair productions are even kinematically 
closed while the single chargino production remains possible. In such a situation, the only 
background to the 4/ + Ifi final state would be the Standard Model background so that the 
sensitivity on the Am coupling would be greatly improved. Nevertheless, the kinematic 
domain described above is restrictive and not particularly motivated. As a conclusion, 
except in some particular kinematic domains, the main background to the 4/ + ]p final 
state is super symmetric. 

In Section 5, we will focus on the largest allowed SUSY background. Indeed, the various 
considered domains of the SUSY parameter space will be chosen such that the Xi mass is 
around the value m^o lOOGeU which is close to the experimental limit m^o > 52GeV 
(for tan (3 = 20 and any \j k coupling) [24] in order to maximize the phase space factors 
of the x°iX°j productions and the decays u p — > %\ v v 

The SUSY background could be suppressed by the cut on the lepton momentum 
mentioned in Section 3. The selection of initial leptons of same helicities would also reduce 
the SUSY background. Indeed, the neutralino (sneutrino) pair production occurs through 
the exchange of either a Z-boson in the s channel or a charged slepton (chargino) in the 
t channel, and the helicities of the initial electron and positron are opposite in all those 
channels. The t channels of the SUSY background processes allow however same helicity 
leptons in the initial state but this contribution entails the higgsino component of the 
relevant gaugino and is thus suppressed by powers of mi/{mw cos/?). 

5 Analysis 

In this part, we determine the sensitivity on the Am coupling constant expected from 
the study of the single chargino production e + e~ — > xf ^ T based on the analysis of the 
41 + Ifi final state at linear colliders, assuming a center of mass energy of \/s = 500GeU 
and a luminosity of C = 500/6 -1 . For this purpose, we study the SUSY background and 
show how it can be reduced with respect to the signal. At the end of this part, we also 
discuss the determination of the xt > xf an d v masses, the single chargino production at 
different center of mass energies and via other couplings, the 3/ + 2j + Jft final state 
and the single neutralino production. 
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We have simulated the signal and the supersymmetric background with the new version 
of the SUSYGEN event generator [47] including the beam polarization effects. 

5.1 Polarization 

The signal-to-noise ratio could be enhanced by making use of the capability of the 
linear colliders to polarize the inital beams. 

First, as we have seen in Section 4.3 the SUSY background would be reduced if initial 
leptons of similar helicities were selected. Hence, we consider in this study the selection of 
the e^e\ initial state, namely Left-handed initial electron and positron. In order to illus- 
trate the effect of this polarization on the SUSY background, let us consider for example 
the X1X2 production. At the point A of the SUSY parameter space, the unpolarized cross 
section is a(e + e~ — > X1X2) = 153.99/6 for a center of mass energy of ^/s = 500GeV. 
Selecting now the e^ej initial beams and assuming a value of 85% (60%) for the electron 
(positron) polarization, the production rate becomes o" po ; ar (e + e~ — > X1X2) = 82.56/6. 

Secondly, the selection of same helicities initial leptons would increase the signal rate 
as mentioned in Section 3. We discuss here the effect of the considered e^e£ beam po- 
larization on the signal rate. As explained in Section 3, the single chargino production 
occurs through the process e^e^ — > Xi ( see Fig.l) or through its charge conjuga- 
ted process e R e R — > xXi 1 ' '■ These charge conjugated processes have the same cross sec- 
tion : <j{z~le\ — > Xi — a ( e R e R ~^ Xif 1 )- The whole cross section is thus a = 
\<y{e L e\ -> + cr(e R e% -»• Xi> - )]/ 4 = ^l^l -»• Xi> + )/ 2 - The chosen beam 

polarization favoring Left-handed initial leptons, only the process e^e^ — > Xi ^ + would 
be selected if the polarization were total. The polarized cross section would then be 
a< p°oiar = a ( e L e l ~^ Xi /O = 2 (j. Hence, the signal would be increased by a factor of 2 
with respect to the whole cross section. In fact, due to the limited expected efficiency 
of the beam polarization, the chargino production can also receive a small contribu- 
tion from the process e R e R — > xtf 1 - The polarized cross section is thus replaced by 

O-polar = Cr po i ar (Xl > + ) + <J polar {xt H ) wner e a polar (Xi> + ) = P ( e l) P ( e l) a ( e L e L ~* 

and cr po i ar (xl f 1 ) — P( e R)P( e R) (J ( e R e R ~^ Xi I 1 ) i P( e l) being for example the probabi- 
lity to have a Left-handed initial positron. Assuming a polarization efficiency of 85% (60%) 
for the electron (positron) and selecting Left-handed initial leptons, the probabilities are 
P(e") = (1 + 0.85) /2 = 0.925, P(e+) = (1 + 0.60)/2 = 0.8, P(e R ) = (1 - 0.85)/2 = 0.075 
and P(e£) = (1 - 0.60) /2 = 0.2. Hence, the polarized cross section reads as Cp i ar — 
[P{el)P{e + L ) + P(e R )P(e + R )}a(e L e + L - XiV + ) = 0.755 <j{ele + L - Xi > + ) = 1-51 a. The 
signal rate is thus enhanced by a factor of 1.51 with respect to the whole cross section if 
the e^el beam polarization is applied. 

5.2 Cross sections and branching ratios 
Signal 

The single xt chargino production has a cross section typically of order 10/6 at 
y/s = 500GeU for Am = 0.05 [44]. The single xt production rate is reduced in the 
higgsino dominated region <C Mi, M2 where the xt is dominated by its higgsino com- 
ponent, compared to the wino dominated domain \fj,\ Mi, M2 in which the xt ^ s mainly 
composed by the charged higgsino [44]. Besides, the single xt production cross section 
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depends weakly on the sign of the \i parameter at large values of tan (3. However, as tan (3 
decreases the rate increases (decreases) for sign(fi) > (< 0). This evolution of the rate 
with the tan (3 and sign(fj,) parameters is explained by the evolution of the xt mass in 
the SUSY parameter space [44]. Finally, when the sneutrino mass approaches the reso- 
nance (mi) = tJs) by lower values, the single xt production cross section is considerably 
increased due to the ISR effect [43]. For instance, at the point A of the SUSY parameter 
space, the rate is equal to a(e + e~ — > xtf^) = 353.90/6 for a center of mass energy of 
t/s = 500GeU and a sneutrino mass of = 240GeV. At the resonance, the single char- 
gino production rate reaches high values. For example at m f = ^Js = 500GeU, the cross 
section is <r(e + e - — > xtt^) = 30.236p6 for the same MSSM point A. 

Since we consider the 4/ + Ip final state and the chargino width is neglected, the 
single chargino production rate must be multiplied by the branching ratio of the leptonic 
chargino decay B(xt ~^ Xi^p u p) (p = 1,2,3). The leptonic decay of the chargino is 
typically of order 30% for mp, mj±,mq > rn^t. This leptonic decay is suppressed compared 
to the hadronic decay xt ~^ Xid p u p / (p = 1,2, 3; p' = 1,2) because of the color factor. 
Indeed for mj i ,m l ' ±) m 1 j > m-± the hadronic decay is typically B(xt ~^ x\d p u p i) ~ 70% 
(p = l,2,3;p' = 1,2). In the case where rrig > m~± > m^m^, the decay xf — > Xilp u p 

occurs through the two-body decays xf ~^ an d xt ~^ l ±v an d is thus the dominant 
channel. In such a scenario, the branching ratio of the 4/ + lp final state for the single xt 
production is close to 100%. In contrast, for mp, mi± > m-± > rrig, the decay xt ~^ Xid p u p i 
dominates, as it occurs through the two-body decay xt ~^ <?<?'> an d the signal is negligible. 
The ft p decays of the chargino via Am, xt ~^ e ± /i ± e =F , e ± u e u fM , have generally negligible 
branching fractions due to the small values of the fi p coupling constants. Nevertheless, in 
the case of nearly degenerate xt an d Xi masses, those |? p decays can become dominant 
spoiling then the 4/ + Ifi signature. 

SUSY background 

In this part, we discuss the variations and the order of magnitude of the cross sections 
and branching ratios on which the whole SUSY background depends. 

• Neutralino pair production The neutralinos pair productions represent a SUSY 
background for the present study of the R-parity violation. A detailed description of 
the neutralinos pair productions cross sections at linear colliders for an energy of y/s = 
500GeU has recently been performed in [2] . In order to consider in our analysis the main 
variations of the neutralinos pair productions rates, we have generated all the XiX^ P ro_ 
ductions {i and j both varying between 1 and 4) at some points belonging to characteristic 
regions of the MSSM parameter space. The points chosen for the analysis respect the expe- 
rimental limits derived from the LEP data on the lightest chargino and neutralino masses, 
m^o > 52GeU (tan/3 = 20) and m-± > 94GeV [24], as well as the excluded regions in the 
/i — M 2 plane [24] . Besides, since the neutralinos pair productions rates depend weakly on 
tan/5 and sign(ii) [2], we have fixed those SUSY parameters at tan/3 = 3 and sign([i) > 0. 

We present now the characteristic domains of the MSSM parameter space considered 
in our analysis. For each of those domains, we will describe the behaviour of all the XiX^ 
productions cross sections except the x®Xa productions (i = 1, ...,4). This is justified by 
the fact that at a center of mass energy of 500GeV, the dominant neutralinos productions 
are the XiXv X1X2 an d X2X2 productions in most parts of the SUSY parameter space. 
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We will also discuss in each of the considered regions the values of the branching ratios 
^(%2 ~~ * Xi u pV p ) and B(x2 —> llv) (for A121 = 0.05) which determine the contribution of 
the X1X2 an d X2X2 productions to the 4/ + ^signature. The restriction of the discussion to 
the X2 decays is justified by the hierarchy mentioned above between the xlx'j productions 
rates, and by the fact that the x° and xi cascade decays have many possible combinations, 
due to the large X3 an d xl masses with respect to the Xi an d X2 masses, so that the 
contributions of the Xi X°j productions (with % or j equal to 3 or 4) to the 4/+^ signature are 
suppressed by small branching ratio factors. We will also not discuss the complex cascade 
decays mentioned in Section 4.3 since the associated branching ratios are typically small. 
However, all the Xi X°j productions as well as all the cascade decays of the four neutralinos 
are taken into account in the analysis. 

First, we consider the higgsino dominated region characterised by <C Mi, M 2 where 
the Xi an d X2 neutralinos are predominantly composed by the higgsinos. In this higgsino 
region, due to the weak couplings of the higgsinos to charged leptons, the XiXl an d 
X2XA productions (i = 1,2,3) are reduced. However, the X1X2 production rate reaches its 
larger values in this domain because of the ZxiXj coupling. At y/s = 500GeV, the X3X3 
production is suppressed by a small phase space factor (when kinematically allowed). For 
the MSSM point A which belongs to this higgsino region, the cross sections including 
the beam polarization described in Section 5.1 are <j(xiXi) — 0.29/6, <7(xiX2) = 82.56/6, 
a{xlxl) = 0.11/6, a{xixl) = 6.62/6, <j(x° 2 xi) = 6.31/6, a(x° 3 X° 3 ) = 13.57/6, a{x\xl) = 
1.11/6 and <t(x 2 Xa) = 9.59/6 for the kinematically open neutralinos productions at y/s = 
500GeV. 

The X1X2 production gives rise to the 41 + Ifi final state if the second lightest neutralino 
decays as X2 ~^ x\v v v v . In the higgsino region, due to the various decay channels of 
the the branching ratio B{x\ — > Xi^v^v) reaches values only about 15%. At the 
point A of the MSSM parameter space, this branching is B(x\ x\v v v v ) = 15.8% for 
vrii, = A50GeV. For a v lighter than the \\i the branching B{x\ — > XiV p v p ) is enhanced as 
this decay occurs via the two-body decay X2 ~* vv. At the point A with rriy = 125GeV, 
B(x°2^ XiWp) = 62.3%. 

Secondly, we consider the wino dominated region ^> Mi,M 2 where Xi an d X2 
are primarily bino and wino, respectively. In this wino region, the xlXi productions are 
reduced since the X3 mass strongly increases with the absolute value of the parameter 
Therefore in the wino region, the main neutralinos productions are the XiXij X1X2 an d 
X2X2 productions. In this part of the MSSM parameter space and for m\± = 300Ge^, 
the X1X1 production can reach ~ 30/6, after the beam polarization described in Section 
5.1 has been applied. Moreover in this region, while the X1X2 production cross section is 
typically smaller than the X1X1 production rate, the X2X2 production cross section can 
reach higher values. At the point B belonging to this wino region and defined as Mi = 
lOOGe^, M 2 = 200GeV, pi = QOOGeV, tan/3 = 3, m~ l± = 300GW and m~ q = QOOGeV 
(m-± = 189.1GeV, m^o = 97.3GeV, m^o = 189.5GeV), the cross sections (including the 
beam polarization described in Section 5.1) for the allowed neutralinos productions at 

= 500GW are a(x°iX°i) = 32.21/6, a(x\xl) = 25.60/6 and a{y&&) = 26.40/6. 
In the wino region and for Mi < M 2 , the difference between the X2 an< i the Xi masses 
increases with [44] and can reach high values. Thus, the decay X2 ~^ Xi + Z° is often 
dominant. At the point B and with = 450GeV, this channel has a branching fraction 
of B(x2 ~^ XiZ°) — 79.9%. The decay of the Z-boson into neutrinos has a branching 
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fraction of B(Z° — > v v v p ) = 20.0%. In the wino region and for Mi > M 2 , the mass 
difference m^o — m~± is larger than the W ± mass as long as Mi — M 2 is larger than 
~ 75GeV. In this case, the dominant channel is x 2 ~^ X\W T . For Mi — M 2 smaller than 
~ 75GeV ', m^o— m-± remains large enough to allow a dominant decay of type x 2 ~~ * Xiffi 
f being a fermion. As a conclusion, in the wino region the decay X2 ~^ Xi^p u p can have a 
significant branching ratio for Mi < M 2 . 

We also consider some intermediate domains. At the point C defined as M x = lOOGeV, 
M 2 = AOOGeV, li = AOOGeV, tan/3 = 3, m i± = 300GeU and m~ q = 600GeV (m-± = 
329.9GeU, m^o = 95.5GeV, m^o = 332.3GeU) with vriy = 450GeV, the cross sections 
(including beam polarization) for the allowed neutralinos productions at = 500GeV 
are <t(XiXi) = 32.18/6, cr^XiX?) — 6.64/6 and cr^XiXs.) = 0.17/6, and the branching ratio 
of the X2 decay into neutrinos is B(x 2 — > Xi^p u p) — 0.9%. The branching ratio of the 
decay x 2 — > Xi^p u p is small for this point C since the x° mass is large which favors other 
X 2 decays. 

At the point D given by M x = 150Gey, M 2 = 300GeU, li = 200GeU , tan/5 = 3, m r± = 
300GeU and m q = 600GeU (m~± = 165.1GeV, m^o = Ul.QGeV, m^o = 190.8GeV), the 
cross sections (including beam polarization) for the allowed neutralinos productions at 
yfi = 500GeU are a(xiX°i) = 780/6, a(xiXl) = 13.09/6, a(xlxl) = 10.08/6, a(xixl) = 
35.69/6, a(x°2X° 3 ) = 41.98/6, <r(x°x°) = 0.02/6 and a{xixl) = 0.42/6. Since this point 
D lies in a particular region between the higgsino region and the domain of large 
(or equivalently large m^o), the X1X3 an d X2X3 productions become relatively important. 
At the MSSM point D and for = 450GeV, the branching ratio of the x 2 decay into 
neutrinos is B(x 2 — > Xi^pVp) = 10.6%. 

Finally, in the domain of low charged slepton masses the XiXj productions are increa- 
sed due to the t channel P exchange contribution. At the point E, defined as the point 
B with a lower mass, namely M 1 = 100GeU, M 2 = 200GeV, li = QOOGeV, tan (3 = 3, 
mj± = 150GeV and rriq = 600GeV, the polarized neutralinos pair productions rates which 
read as a(xiXi) — 67.06/6, <7(xiX2) — 57. 15 fb and <y{x 2 X2) — 69.56/6 are increased com- 
pared to the point B. 

For m^o > mj ± or m^o > nig, the dominant X2 decays are X2 ~^ Xi^p or X2 ~^ XiQpQp, 
respectively, and the decay X2 ~^ Xi^p^p is typically negligible except for m^o > m^. At 
the point E for vrty > m^o, the X2 mainly decays into Xi^plp v i & an 011 shell 1^ and the decay 
into neutrinos has a branching ratio of B(x 2 — * Xi^p^p) ~ 0%. In contrast, at the point 
E with rriy = 160GeV, B(x 2 — > Xi^pVp) — 32.0%. Of course for m,-±,m^ > m^o > mp, the 
decay x 2 — > x\^v v v i s dominant. 

• Sneutrino pair production The other source of SUSY background is the sneutrino 
pair production. We discuss here the main variations of this background in the SUSY para- 
meter space. First, we note that the v\ pair production has the highest cross section among 
the z>pZ>* (p = 1,2,3 being the family index) productions since it receives a contribution 
from the t channel exchange of charginos. Besides, the main contribution to the 4/ + Ip si- 
gnature from the sneutrino pair production is the reaction e + e _ — > t'p + ^p — > Xi^p + Xi^V 
Indeed, this contribution has the simplest cascade decays and furthermore the decay 
i)p — > Xi u p is favored by the phase space factor. Hence, we restrict the discussion of 
the z/ p z>* background to this reaction, although all contributions from the sneutrino pair 
productions to the 4/ + signature are included in our analysis. 
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The u p pair production rate is reduced in the higgsino region like the X1X1 production. 
For instance, at the point A with = 175GeV the sneutrino pair production cross section 
including the beam polarization effect described in Section 5.1 is a(e + e~ — > Xi^pXi^p) = 
75.26/6 (1.96/6) for p = 1 (2,3), while it is a(e + e- -> x%X%) = 501.55/6 (10.29/6) for 
p = 1 (2, 3) at the point B with the same sneutrino mass. These values of the cross sections 
are obtained with SUSYGEN [47] and include the spin correlations effect. Besides, the v v 
pair production rates strongly decrease as the sneutrino mass increases. Considering once 
more the point B, we find that the rate is reduced to cr(e + e~ — > Xi u pXi^p) = 232.92/6 
(4.59/6) for p = 1 (2, 3) if we take now = 200GeV. 

The branching ratio B{y — > Xi 1 ') decreases as the sneutrino mass increases, since the 
phase space factors associated to the decays of the sneutrino into other SUSY particles 
than the Xi, like z> — > xf/ T , increase with rrip. For example, at the point B the branching 
ratio B{y e -> xW) is equal to 93.4% for m~ u = HhGeV and to 82.6% for m- u = 200GeV. 

5.3 Cuts 

General selection criteria 

First, we select the events without jets containing 4 charged leptons and missing energy. 
In order to take into account the observability of leptons at a 500GeV e + e~ machine, we 
apply the following cuts on the transverse momentum and rapidity of all the charged 
leptons : Pt(l) > 3GeV and \r)(l)\ < 3. This should simulate the detector acceptance 
effects in a first approximation. In order to reduce the supersymmetric background, we 
also demand that the number of muons is at least equal to one. Since we consider the 
xt^ T production, this does not affect the signal. 

Kinematics of the muon produced with the chargino 

We now discuss in details the most important cut concerning the momentum of the 
muon which is produced together with the chargino. For a negligible ISR effect, this muon 
momentum is completely determined by the values of the chargino mass and the center 
of mass energy through Eq.(3.1), as explained in Section 3. Hence, some cuts on the 
muon momentum should be efficient to enhance the signal-to-noise ratio since the muon 
momentum distribution is perfectly peaked at a given value. 

For a significant ISR effect, the energy of the photon generated via the ISR must be taken 
into account. Hence, the muon energy E(/i) must be calculated through the three-body 
kinematics of the reaction e + e~ — > xf^ T l- Since this kinematics depends on the angle 
between the muon and the photon, the muon energy E(/i) is not completely fixed by the 
SUSY parameters anymore. Therefore, the distribution obtained experimentally of the 
muon momentum P(fx) = (E(fi) 2 — m^ ± c 4 ) 1 / 2 /c would appear as a peaked curve instead 
of a Dirac peak. Although the momentum of the produced muon remains a good selection 
criteria, we have found that in this case the transverse momentum distribution of the 
produced muon was more peaked, and thus more appropriate to apply some cuts. We 
explain the reasons why in details below. 

We have thus chosen to apply cuts on the distribution of the muon transverse momentum 
instead of the whole muon momentum, even if for a negligible ISR effect the transverse 
momentum distribution is not peaked as well as the whole momentum distribution. The 
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FlG. 3: Distributions of the highest muon transverse momentum Pt(/x) (in GeV/c) for the 4/ + If, events 
generated by the single xt production and the SUSY background which is divided into the XiXi> X?Xj 
and v p v* productions. The number of events for each distribution is normalized to the unity, the center 
of mass energy is fixed at 500GeV and the point A of the SUSY parameter space is considered with 
A121 = 0.05 and m v = 2A0GeV. 

amplitude of the ISR effect depends on the SUSY mass spectrum as we will discuss below. 
The cuts on the muon transverse momentum have been applied on the muon with the 
highest transverse momentum which can be identified as the muon produced together 
with the chargino in the case of the signal. Indeed, the muon produced together with the 
chargino is typically more energetic than the 3 other leptons generated in the chargino 
cascade decay. We will come back on this point later. 

In Fig. 3, we show the distribution of the highest muon transverse momentum Pt(fi) 
in the 4/ + ]p events generated by the single xf production and the SUSY background 
at = 500GeV for the point A of the SUSY parameter space with Am = 0.05 and 
rrii, = 2A0GeV. For these SUSY parameters, the cross sections, polarized as in Section 5.1, 
and the branching ratios are <j(x\^ T ) = 534.39/6, B(xf x\K v v) = 34.3%, o(e + e~ — > 
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v P +v* — > xVp+Xi^p) = 3.81/6 and P(%2 — * Xi^pVp) = 16% (see Section 5.2 for the values 
of cr(x°x^)). In Fig.3, the cuts described in Section 5.3 have not been applied and in order 
to perform a separate analysis for each of the main considered backgrounds, the SUSY 
background has been decomposed into three components : the XiXii XiX'j (h3 = 1> •••i^ 
with i and j not equal to 1 simultaneously) and u p u* productions. The number of 4/ + Ifi 
events for each of those 3 SUSY backgrounds and the single chargino production has 
been normalized to the unity. Our motivation for such a normalization is that the relative 
amplitudes of the 3 SUSY backgrounds and the single chargino production, which depend 
strongly on the SUSY parameters, were discussed in detail in Sections 5.2 and 5.2, and 
in this section we focus on the shapes of the various distributions. 

We see in the highest muon transverse momentum distribution of Fig.3 that, as expected, 
a characteristic peak arises for the single chargino production. Therefore, some cuts on the 
highest muon transverse momentum Pt(fi) would greatly increase the signal with respect to 
the backgrounds. For instance, the selection criteria suggested by the Fig.3 are something 
like 60GeU ~ P(/i) ~ lOOGeU. We can also observe in Fig.3 that the distributions of 
the an d v v v* p productions are concentrated at lower transverse momentum values 

than the XiXi distribution. This is due to the energy carried away by the neutrinos in 
the cascade decays of the reactions (4.2), (4.3), (4.5) and (4.7). The main variation of 
the highest muon transverse momentum distributions of the SUSY backgrounds with the 
SUSY parameters is the following : The SUSY backgrounds distributions spread to larger 
values of the muon transverse momentum as the Xi mass increases, since then the charged 
leptons coming from the decay Xi ~ * ^ v reach higher energies. 

Fig.3 shows also clearly that the peak in the transverse momentum distribution of the 
muon produced with the chargino exhibits an upper limit which we note P t hm (/x). This 
bound P t hm (/f) is a kinematic limit and thus its value depends on the SUSY masses. 
The consequence on our analysis is that the cuts on the muon transverse momentum 
are modified as the SUSY mass spectrum is changing. Note that the kinematic limit of 
the whole muon momentum depends also on the SUSY masses, so that our choice of 
working with the transverse momentum remains judicious. For a better understanding 
of the analysis and in view of the study on the SUSY mass spectrum of Section 5.5, 
we now determine the value of the muon transverse momentum kinematic limit P t ^ m (/x) 
as a function of the SUSY parameters. For this purpose we divide the discussion into 2 
scenarios. 

First, we consider the situation where > m^± + and < y/s. In this case, 
the dominant s channel contribution to the three-body reaction e + e~ — > Xi^ T li where 
the photon is generated by the ISR, can be decomposed into two levels. First, a sneutrino 
is produced together with a photon in the two-body reaction e + e~ — > ju^ and then the 
sneutrino decays as — > xfi^ T - Thus, the muon energy in the center of mass of the 
sneutrino E*(n) (throughout this article a * indicates that the variable is defined in the 
center of mass of the produced sneutrino) is equal to, 

m~ + m 2 — m%± 

The transverse momentum limit of the produced muon in the center of mass of the sneu- 
trino P/ lTn *(/x) is given by P/ im *(//) = (P*(/i) 2 — m 2 ±c 4 ) 1/,2 /c since P*(/i) < P*(/f) and 
P*(fj) = (P*(/x) 2 — m 2 t± c 4 ) 1 / 2 /c. The important point is that the sneutrino rest frame is 
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FlG. 4: Distribution of the angle (in Degrees) between the beam axis and the photon radiated from the 
initial state of the single xf production process at a center of mass energy of 500GeV and for the point 
A of the SUSY parameter space with mo — 240GeV '. The number of events has been normalized to the 
unity. 

mainly boosted in the direction of the beam axis. This is due to the fact that the produced 
photon is mainly radiated at small angles with respect to the initial colliding particles 
direction (see Fig.4). The consequence is that the transverse momentum of the produced 
muon is mainly the same in the sneutrino rest frame and in the laboratory frame. In conclu- 
sion, the transverse momentum limit of the produced muon in the laboratory frame is given 
by P/ im (/i) « P t Hm *(/i) = {E*{n) 2 -ml ± c A y/ 2 /c, E*(fi) being calculated through Eq.(5.1). 
We see explicitly through Eq.(5.1) that the value of P t hm (/i) (E*(fi) 2 — m^±c 4 ) 1 / 2 /c in- 
creases with the sneutrino mass. 

In this first situation, where > m~± + and < y/s, the ISR effect is large 
so that the single chargino production cross section is enhanced. The distributions of 
Fig.3 are obtained for the point A (for which m~± = 115.7GeV) with = 240GeV 
which corresponds to this situation of large ISR. The distribution of Fig.3 gives a value 
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for the transverse momentum kinematic limit of P/ im (yu) = 92.3GeV/c which is well ap- 
proximately equal to (P*(/i) 2 — m^c 4 ) 1 / 2 / c = 92. lGeV/c where P*(/i) is calculated using 
Eq.(5.1). 

Based on this explanation, we can now understand why for large ISR the transverse mo- 
mentum of the produced muon P*(/i) is more peaked than its whole momentum P((J,) : 
As we have discussed above, the muon transverse momentum Pt(fJ>) is controlled by the 
two-body kinematics of the decay — > xf/^ T - For a set of SUSY parameters, the muon 
transverse momentum is thus fixed if only the absolute value of the cosinus of the angle 
that makes the muon with the initial beam direction in the sneutrino rest frame is given. 
In contrast, the whole muon momentum P(fJ>) is given by the three-body kinematics of 
the reaction e + e~ —> xt^l an d thus depends on the cosinus of the angle between the 
muon and the photon (recall that the photon is mainly emitted along the beam axis) in 
the laboratory frame. Therefore, the muon transverse momentum Pt(fj) is less dependent 
on the muon angle than the whole muon momentum P(fj), leading thus to a more peaked 
distribution. 

We consider now the scenario where < m~± + or > y/s. In such a 
situation, the kinematics is different since the sneutrino cannot be produced on shell. 
The single chargino production e + e~ — > xf/ /=F 7 can thus not occur through the two-body 
reaction e + e~ — > 7^. In fact in this situation, the energy of the radiated photon becomes 
negligible so that the muon energy E((i) is given in a good approximation by the two-body 
kinematics formula of Eq.(3.1). The kinematic limit of the muon transverse momentum 
is related to this energy through P t hm (//) = P(fj) = {E(fi) 2 — m^±c 4 ) 1 / 2 /c. 
In this second scenario where < m~± + m^ or > y/s, the ISR effect is negligible 
and the single chargino production rate is thus not increased. In Fig. 5, we show the 
transverse momentum distribution (without the cuts of Section 5.3) of the produced muon 
in such a situation, namely at ^/s = 500GeU for the point A of the SUSY parameter space 
with A121 = 0.05 and mo = 550GeU. For these SUSY parameters, the cross sections, 
polarized as in Section 5.1, and the branching ratios are c(xf^ T ) = 91.05/6, B(xf — ► 
XilpVp) = 33.9% and B(xX ~ > XiV p v p ) = 15.7% (see Section 5.2 for the values of &(x®Xj)- 
We check that the value of the muon transverse momentum kinematic limit Pj im (fj,) = 
236. 7GeV/c obtained from the distribution of Fig. 5 is well approximately equal to (P(/i) 2 — 
m 2 ±c 4 ) 1 / 2 / c = 236.6GeV/c where E(n) is obtained from Eq.(3.1). 

At this stage, we can make a comment on the variation of the muon transverse momen- 
tum distribution associated to the single Xi production with the value of the transverse 
momentum limiy P t hm (/x). As can be seen by comparing Fig. 3 and Fig.5, this distribution 
is more peaked for small values of P t hm (/x) due to an higher concentration of the distri- 
bution at low muon transverse momentum values. This effect is compensated by the fact 
that at low muon transverse momentum values the SUSY background is larger, as can be 
seen in Fig. 3. 

The determination of P/ im (/i) performed in this section allows us to verify that the 
muon produced with the chargino is well often the muon of highest transverse momentum. 
Indeed, we have checked that in the two situations of large (point A with mo = 240Ge^) 
and negligible (point A with m/> M = 550GeV) ISR effect, the calculated values of P t Um (/x) 
for the produced muon were consistent with the values of P/ im (/i) obtained with the hi- 
ghest muon transverse momentum distributions (Fig.3 and Fig.5). Therefore, the identifi- 
cation of the produced muon with the muon of highest transverse momentum is correct for 
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FlG. 5: Distributions of the highest muon transverse momentum Pt{fj) (in GeV/c) for the 4/ + ]p events 
generated by the single xf production and the SUSY background which is divided into the XiXi an d XiX.'j 
productions. The number of events for each distribution is normalized to the unity, the center of mass 
energy is fixed at SOOGeV^ and the point A of the SUSY parameter space is considered with Am = 0.05 
and ma — 550GeV. 

the two MSSM points considered above. The well peaked shapes of the highest muon trans- 
verse momentum distributions for the point A with = 240GeV and = 550GeV 
are another confirmation of the validity of this identification. Nevertheless, one must 
wonder what is the domain of validity of this identification. In particular, the transverse 
momentum of the produced muon can be small since P t hm (/i) which is determined via 
Eq.(3.1) or Eq.(5.1) can reach low values. As a matter of fact, Pj m (fj) can reach small 
values in the scenario where > m-± + and < y/s for close to m-± (see 
Eq.(5.1)), as well as in the scenario where < m-± + or > \fs for y/s close 
to m-± (see Eq.(3.1)). Moreover, the leptons generated in the cascade decay initiated by 
the xf become more energetic, and can thus have larger transverse momentum, for either 
larger xl masses or higher mass differences between the xt an d Xi- We have found that 
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for produced muons of small transverse momentum corresponding to Pj zm (n) ~ lOGeV 
the identification remains valid for neutralino masses up to 750GeV and mass 

differences up to m^± — m^o m 750GeV. 

1 Xi Xi 

5.4 Discovery potential 

In Fig. 6, we present exclusion plots at the 5a level in the plane Am versus based 
on the study of the 4/ + lp final state for several points of the SUSY parameter space and 
at a center of mass energy of \/s = 500GeV assuming a luminosity of £ = [45]. 
The considered signal and backgrounds are respectively the single xt production and the 
pair productions of all the neutralinos and sneutrinos. The curves of Fig. 6 correspond to 
a number of signal events larger than 10. An efficiency of 30% has been assumed for the 
reconstruction of the tau-lepton from its hadronic decay. The experimental LEP limit on 
the sneutrino mass mo > 78GeV [24] has been respected. We have included the ISR effects 
as well as the effects of the polarization described in Section 5.1, assuming an electron 
(positron) polarization efficiency of 85% (60%). The cuts described in Section 5.3 have 
also been applied. In particular, we have applied some cuts on the transverse momentum 
of the produced muon. Since the value of the muon transverse momentum depends on the 
sneutrino and chargino masses (see Section 5.3), different cuts have been chosen which 
were appropriate to the different values of and m~± considered in Fig. 6. 

We can observe in Fig. 6 that the sensitivity on the Am coupling constant typically 
increases as the sneutrino mass approaches the resonance point m/> = \fs = 500GeV. This 
is due to the ISR effect which increases the single chargino production rate as discussed 
in Section 5.2. While the ISR effect is significant in the domain where > m-± + 
and m/> M < y/s, it is small for < m~± + or > y/s, the reason being that in 
the former case the single chargino production occurs through the production of an on 
shell sneutrino as explained in Section 5.3. This results in a decrease of the sensitivity on 
the A121 coupling at ~ y/s and ~ m-± as illustrate the various curves of Fig. 6. 

The decrease of the sensitivity corresponding to ~ m^± occurs at larger sneutrino 
masses for the point C compared to the other SUSY points, since for this set of SUSY 
parameters the chargino mass is larger : m-± = 329.9GeU. 

X\ 

For rrty < m-± the decay xt ~^ Xi^p becomes dominant as explained in Section 5.2. This 
results in an increase of the sensitivity on Am which can be seen for the point C between 
rxiy Ki 330GeU and « 260GeU and for the points B and E between m/> 190GeU 
and m/> m 160GeU. 

Additional comments must be made concerning the exclusion curve obtained for the point 
C : The decrease of sensitivity in the interval 260GeU ~ ~ 200GeU comes from 
the increase of the sneutrino pair production cross section (see Section 5.2), while the 
increase of sensitivity in the range 200GeU ~ m f ~ 160GeU is due to an increase of 
the single chargino production rate which receives in this domain an important t channel 
contribution. The significant sensitivity on the Am coupling obtained for the point C 
in the interval 330GeU ~ ~ 160GeV emphasizes the importance of the off-resonance 
contribution in the single chargino production study at linear colliders. For rxiy > 500Ge^, 
the sensitivity obtained with the point C is weak with respect to the other SUSY points 
due to the high chargino mass which suppresses the signal cross section. 
We also see in Fig. 6 that there are no important differences between the exclusion curves 
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FlG. 6: Discovery potential at the 5cr level in the plane A121 versus mo (in GeV/c 2 ) for the points A, 
B, C, D, E of the SUSY parameter space (see text) at a center of mass energy of 500GeV and assuming 
a luminosity of L = 500/6 -1 . The domains of the SUSY parameter space situated above the curves 
correspond to S/ V~B > 5 where S is the 41 + If, signal generated by the single xt production and B is the 
Rp-conserving SUSY background. 



obtained for the SUSY points belonging to the higgsino region (point A), the wino region 
(point B) and the intermediate domain (point D). The reason is the following. The single 
chargino production has a cross section which decreases as going from the wino region to 
the higgsino region (see Section 5.2). However, this is also true for the z/ p z>* and most of 
the XiXj* productions (see Section 5.2). Therefore, the sensitivities on the A121 coupling 
obtained in the higgsino and wino region are of the same order. 

Finally, we discuss the sensitivity obtained for the point E which is defined as the point 
B but with a smaller charged slepton mass. Although the neutralino pair production rate 
is larger for the point E than for the point B (see Section 5.2), the sensitivity obtained on 
A121 is higher for the point E in all the considered range of sneutrino mass. This is due to 
the branching ratio B(xf — >• x?/pf p ) which becomes important at the point E due to the 
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hierarchy m~± > mj ± (see Section 5.2). 

We mention that the sensitivity on the A121 coupling tends to decrease as tan (3 in- 
creases (for sign(n) > 0) and is weaker for sign(fi) < (with tan/5 = 3) due to the 
evolution of the single chargino production rate which was described in Section 5.2. Ho- 
wever, the order of magnitude of the sensitivity on Am found in Fig. 6 remains correct for 
either large tan (3, as for instance tan j3 = 50, or negative /i. 

Let us make some concluding remarks. We see in Fig. 6 that the sensitivity on the 
A121 coupling reaches values typically of order 10~ 4 at the sneutrino resonance. We also 
observe that for each SUSY point the 5a limit on the Am coupling remains more stringent 
than the low-energy limit at 2a, namely Am < 0.05 (mg^/lOOGeU) [9], over an interval 
of the sneutrino mass of Am„ m 500GeU around the v pole. Therefore, the sensitivities 
on the SUSY parameters obtained via the single chargino production analysis at linear 
colliders would greatly improve the results derived from the LEP analysis (see Section 
1). Besides, the range of Am coupling constant values investigated at linear colliders 
through the single chargino production analysis (see Fig. 6) would be complementary to 
the sensitivities obtained via the displaced vertex analysis (see Eq.(1.3)). 

5.5 SUSY mass spectrum 

Lightest chargino and sneutrino 

First, the sneutrino mass can be determined through the study of the 4/ + Ifi final 
state by performing a scan on the center of mass energy in order to find the value of y/s 
at which hold the peak of the cross section associated to the sneutrino resonance. The 
accuracy on the measure of the sneutrino mass should be of order 5m^ ~ a^, where 
a^i is the root mean square spread in center of mass energy given in terms of the beam 
resolution R by [48] , 

The values of the beam resolution at linear colliders are expected to verify R > 1%. 

Besides, the xt mass can be deduced from the transverse momentum distribution of 
the muon produced with the chargino. The reason is that, as we have explained in Section 
5.3, the value of the muon transverse momentum limit P t hm (/i) is a function of the xt 
and v masses. In order to discuss the experimental determination of the chargino mass, 
we consider separately the scenarios of negligible and significant ISR effect. 

In the scenario where the ISR effect is negligible [piy^ < ttl^± or m^^ > y/s), the 

value of the muon transverse momentum limit P/* m (/i) is equal to (E(fi) 2 — m^ ± c 4 ) 1 / 2 /c, 
E(fj) being calculated in a good approximation with Eq.(3.1), as described in Section 5.3. 
Since Eq.(3.1) gives E(fx) as a function of the center of mass energy and the chargino 
mass, the experimental value of P/ im (/i) would allow to determine the xt mass. 
We now estimate the accuracy on the chargino mass measured through this method. In 
this method, the first source of error comes from the fact that to calculate the value of 
E(/jl) in Pj: im (fj,) = (P(/i) 2 — m^c 4 ) 1 / 2 / c, we use the two-body kinematics formula of 
Eq.(3.1) so that the small ISR effect is neglected. In order to include this error, we rewrite 
the transverse momentum kinematic limit as P} tm (n) ±5P} im (n) = (P(/i) 2 — m 2 t± c 4 ) 1 / 2 /c, 
E(n) being calculated using Eq.(3.1). By comparing the value of E(/i) calculated with 
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Eq.(3.1) and the value of P t hm (//) obtained from the transverse momentum distribution, 
we have found that <5P/ im (/i) ~ lGeV. One must also take into account the experimental 
error on the measure of the muon transverse momentum expected at linear colliders which 
is given by : S P t exp (p:) / P t (p:) 2 < Kr^GeV/c)- 1 [45]. Hence, we take 5P l t im (p) ~ lGeV + 
Pj im (li) 2 10~ 4: (GeV/ c) -1 . The experimental error on the muon transverse momentum limit 
depends on the value of P/ im (/x) itself and thus on the SUSY parameters and on the center 
of mass energy. However, we have found that in the single chargino production analysis 
at \/s = 500GeV, the experimental error on the muon transverse momentum limit never 
exceeds ~ 5GeV. Another source of error in the measure of the xt mass is the root mean 
square spread in center of mass energy which is given by Eq.(5.2). 
For instance, at the point A with m D = 550GeU and an energy of yfs = 500GeV, the 
muon transverse momentum distribution, which is shown in Fig. 5, gives a value for the 
transverse momentum limit of P t hm (/x) = 236.7GeV/c. This value leads through Eq.(3.1) 
to a chargino mass of m~± = 115.3 ± 29. 7GeV taking into account the different sources of 
error and assuming a beam resolution of R = 1% at linear colliders. Here, the uncertainty 
on the chargino mass is important due to the large value of P/ im (/i) which increases the 
error £P t '* m (/i). 

In the scenario where the ISR effect is important (m^^ > and < \/s), 

the three-body kinematics of the reaction e + e~ — > xt ^1 leaves the muon energy and thus 
the whole muon momentum P(/i) = (E(fi) 2 — m 2 i± c 4: ) 1 ^ 2 / c unfixed by the SUSY parame- 
ters, since the muon energy depends also on the angle between the muon and the photon. 
Hence, P(/i) cannot bring any information on the SUSY mass spectrum. In contrast, the 
experimental measure of the muon transverse momentum limit P t hm (/z) would give the 
xf mass as a function of the mass since P/* m (/i) ps (E*(p) 2 — m^c 4 ) 1 ^ 2 / c (see Section 
5.3) and E*(p) is a function of m-± and (see Eq.(5.1). Assuming that the mass 
has been deduced from the scan on the center of mass energy mentioned above, one could 
thus determine the xt mass. 

Let us evaluate the degree of precision in the measure of m-± through this calculation. 
First, we rewrite the transverse momentum limit as P} im (n) ± 5P/ im (/i) = (E*(fi) 2 — 
m 2 i± c 4 ) 1 / 2 /c to take into account the error 5Pj m (fi) coming from the fact that the emis- 
sion angle of the radiated photon with the beam axis is neglected (see Section 5.3). By 
comparing the value of E*(fi) calculated with Eq.(5.1) and the value of P/ im (/i) obtai- 
ned from the transverse momentum distribution, we have found that <5P/ im (/i) ~ lGeV. 
In order to consider the experimental error on P t hm (/i), we take as before 5P t '* m (/i) ~ 
lGeV + P t hm (/i) 2 10~ 4 (GeU/c) _1 . One must also take into account the error on the sneu- 
trino mass. We assume that this mass has been preliminary determined up to an accuracy 
of Suit ~ <jjg. 

For example, the transverse momentum distribution of Fig.3, which has been obtained 
for the point A with rriy = 240GeV and ^Js = 500GeU, gives a value for the transverse 
momentum limit of P} im (/J,) = 92.3GeU. The chargino mass derived from this value of 
P/* m (/i) via Eq.(5.1) is m~± = 115.3 ± 5.9GeU, if the various uncertainties are considered 
and assuming that a ^ ~ 3.5GeU which corresponds to R = 1% and ^Js = 500GeU (see 
Eq.(5.2)). 

Hence, the xt mass can be determined from the study of the peak in the muon 
transverse momentum distribution in the two scenarios of negligible and significant ISR 
effect. The regions in the SUSY parameter space where a peak associated to the signal 
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can be observed over the SUSY background at the 5er level are shown in Fig.6. These 
domains indicate for which SUSY parameters Pj zm (/j,) and thus the chargino mass can 
be determined, if we assume that as soon as a peak is observed in the muon transverse 
momentum distribution the upper kinematic limit of this peak P/ im (/z) can be measured. 

Heaviest chargino 

The single xf production e + e~ — > xf^ ls a l so °f interest at linear colliders. This 
reaction, when kinematically open, has a smaller phase space factor than the single xf 
production. Hence, the best sensitivity on the Am coupling is obtained from the study of 
the single xf production. However, for sufficiently large values of the Am coupling, the 
e + e~ — > xf ^ T reaction would allow to determine either the xf mass or a relation between 
the xf an d v masses. As described in Section 5.5, those informations could be derived 
from the upper kinematic limit P} tm (fj,) of the peak associated to the single xf production 
observed in the muon transverse momentum distribution. Indeed, the method presented in 
the study of the single xf production remains valid for the single xf production analysis. 

The simultaneous determination of the xf an d xf masses is possible since the peaks 
in the muon transverse momentum distribution corresponding to the single xf an d xf 
productions can be distinguished and identified. In order to discuss this point, we present 
in Fig. 7 the muon transverse momentum distribution for the 4/ + Ifi events generated by 
the reactions e + e~ — > xf^ T an d e + e~ — > xf ^ an d by the SUSY background at the 
MSSM point A (for which m~± = llh.lGeV and m~± = 290.6GeU) with A m = 0.05 and 
my = 450GeU. The cuts described in Section 5.3 have not been applied. In this Figure, we 
observe that the peak associated to the single xf production appears at smaller values of 
the transverse momentum than the peak caused by the single xf production. This is due 
to the hierarchy of the chargino masses. Indeed, the chargino masses enter the formula of 
Eq.(5.1) which gives the values of P} tm (fi) ~ (E*(fx) 2 — m^±c 4 ) 1 / 2 /c for the point A with 
rriy = 450GeU. The same difference between the two peaks is observed in the scenario 
where the values of P t hm (/x) ss (E(fi) 2 — m^±c 4 ) 1 / 2 /c are calculated using the formula of 
Eq.(3.1), namely for < m~± + and < m~± + m^, or > y/s. Fig. 7 also 

illustrates the fact that the peaks associated to the single xf an d xf productions can be 
easily identified thanks to their relative heights. The difference between the heights of the 
two peaks is due to the relative values of the cross sections and branching ratios which 
read for instance with the SUSY parameters of Fig. 7 as (including the beam polarization 
described in Section 5.1) : a(xfn T ) = 620.09/6, a(xf^ T ) = 605.48/6, B(xf -> xi^ $ 
) = 33.9% and B(xf -> Xi^ k = W.8%. 

5.6 Extension of the analysis to different center of mass energies 

In this section, we comment on a similar study of the reaction e + e~ — > x^^ based 
on the 41 + ]fi events at center of mass energies different from y^s = 500GeU. 

First, the muon transverse momentum distributions depend mainly on the relative 
values of the center of mass energy and of the various SUSY masses, so that the discussion 
on the cuts given in Section 5.3 still hold for different energies. The reconstruction of the 
xf t 2 an d v masses through the methods exposed in Section 5.5 is possible at any center 
of mass energy. We thus discuss in this section the sensitivity on the Am coupling that 
would be obtained at other center of mass energies than y/s = 500GeU. 
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P t (n) (GeV/c) 

FlG. 7: Distributions of the highest muon transverse momentum Pt{fj) (in GeV/c) for the 4/ + ]p events 
generated by the single chargino productions (xf + xf ) an d the SUSY background which is divided into 
the X1X1 an d XiX'j productions. The number of events for each distribution is normalized to the unity, 
the center of mass energy is fixed at SOOGeV^ and the point A of the SUSY parameter space is considered 
with A121 = 0.05 and ma = 450GeV '. 

Similarly, the values of the branching ratios are function of the SUSY mass spectrum, 
as shown in Sections 5.2 and 5.2, and thus do not change if the center of mass energy is 
modified. 

Besides, the amplitude of the ISR effect on the signal cross section depends on the 
relative values of mo, m~± and y/s (see Section 5.3). The shapes of the exclusion curves 
obtained at different center of mass energies would thus be similar to the shapes of the 
exclusion plots presented in Fig. 6 for same relative values of rric,, m~± and y/s. 

However, the cross sections of the SUSY backgrounds, namely the v p i>* and 
productions, depend strongly on the center of mass energy which determines the phase 
space factors of the superpartners pair productions. 

Therefore, the sensitivity on the Am coupling tends to decrease (increase) at higher 
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(smaller) center of mass energies due to the increase (decrease) of the SUSY background 
rates. 

5.7 Study based on the 3/ + 2jets + ft final state 

In this Section, we would like to emphasize the interest of the 3/ + 2jets + If final state 
for the study of the reaction e + e~ — > X ± A t=F & t linear colliders. 

First, the 3l + 2jets + lft final state is generated by the decay x^ ~^ Xid p u p i which has a 
larger branching ratio than the decay ~^ XaJ-p v p f° r the hierarchy mp, mi±,rriq > m^.±, 
as mentioned in Section 5.2. 

Secondly, the Standard Model background of the 3/ + 2jets + Ifi signature is the WWZ 
production. The rate of the 3/ + 2jets + Jfi production from the e + e~ — > WW Z reaction 
is 1.5/6 (0.5/6) at ^ = 500GeU (ZhOGeV) including the cuts \rj(l)\ < 3, P t (l) > lOGeV 
and neglecting the ISR [2] . This background can be further reduced as explained in Section 
4.2. Besides, the 3/ + 2jets + $ signature has no i? p -conserving SUSY background if one 
assumes that the LSP is the Xi an d that the single dominant coupling is Am- Indeed, 
the pair productions of SUSY particles typically lead to final states wich contain at least 
4 charged leptons due to the decay of the two LSP's through A^i as Xi — > llv. 
Therefore, the sensitivity on the Am coupling obtained from the study of the single 
chargino production based on the 3/ + 2jets + $ final state should be greatly enhanced 
with respect to the analysis of the 4/ + ]/J signature. 

The 3/ + 2jets + Ifi final state is also attractive from the mass reconstruction point 
of view. Indeed, the full decay chain xt —> XidpU p >, Xi ~^ ^ v can be reconstructed. 
The reason is that, since the muon produced together with the chargino in the reaction 
e + e~ — > X\^ T can be identified (see Section 5.3) the origin of each particle in the final 
state can be known. First, the Xi mass can be measured with the distribution of the 
invariant mass of the two charged leptons coming from the Xi decay : The value of the x\ 
mass is readen at the upper endpoint of this distribution. Similarly, the upper endpoint 
of the invariant mass distribution of the two jets coming from the chargino decay gives 
the mass difference m-± —m^o. Since m^o has already been determined from the dilepton 
invariant mass, we can deduce from this mass diffference the xt mass. 
Besides, the v and Xi^ masses can be measured as explained in Section 5.5. 
Hence, in the case of a non-vanishing A coupling with Xi as the LSP, the combinatorial 
background for the Xi mass reconstruction from the study of the single chargino produc- 
tion based on the 3/ + 2jets + $ final state is expected to be greatly reduced with respect 
to the analysis based on the pair production of SUSY particles [7], due to the better 
identification of the charged leptons coming from the x? decay. Furthermore, while the 
X12 an d v masses reconstructions are possible via the single chargino production, these 
reconstructions appear to be more difficult with the pair production of SUSY particles. 
Indeed, the x^ an d v masses reconstructions from the superpartner pair production are 
based on the xi reconstruction, and moreover in the pair prodution the y^ 1 or ^ decays 
lead to either an additional uncontroled missing energy or an higher number of char- 
ged particles (or both) in the final state with respect to the single chargino production 
signature. 
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5.8 Study of the single chargino production through various 
fi p couplings 

The single chargino production at muon colliders fi + fi~ — > X^^m ( see Fig-1) would 
allow to study the A 2m2 coupling, m being equal to either 1 or 3 due to the antisymmetry 
of the Xijk couplings. 

The study of the A212 coupling would be essentially identical to the study of A 121. 
Only small modifications would enter the analysis : Since an electron/positron would be 
produced together with the chargino, one should require that the final state contains at 
least one electron instead of one muon as in the A m case (Section 5.3). Besides, one 
should study the distribution of the highest electron transverse momentum instead of the 
highest muon transverse momentum. The particularities of the muon colliders would cause 
other differences in the study : First, the analysis would suffer an additional background 
due to the \i decays in the detector. Secondly, large polarization would imply sacrifice in 
luminosity since at muon colliders this is achieved by keeping only the larger p z muons 
emerging from the target [49]. Therefore, one expects an interesting sensitivity on the A212 
coupling from the single xf production at muon colliders although this sensitivity should 
not be as high as in the study of the Am coupling at linear colliders. 
Besides, the — > x ±e=F reaction occuring through A212 would allow to determine 
the x?) xti xf an d v masses as described in Sections 5.5 and 5.7 for the single chargino 
production at linear colliders. The main difference would be the following. The accuracy in 
the determination of the sneutrino mass performed through a scan over the center of mass 
energy would be higher at muon colliders than at linear colliders. The reason is the high 
beam resolution R expected at muon colliders (see Section 5.5). For instance, at muon 
colliders the beam resolution should reach R ~ 0.14% for a luminosity of C = I0fb~ l and 
an energy oi y/s = 300 - 500GeV [49]. 

The production of a single chargino together with a tau-lepton occurs through the 
A131 coupling at linear colliders and via A232 at muon coliders. Due to the r-decay, the 
transverse momentum distribution of the produced r-lepton cannot be obtained with a 
good accuracy. The strong cut on the transverse momentum described in Section 5.3 is 
thus difficult to apply in that case, and one must think of other discrimination variables 
such as the total transverse momentum of the event, the total missing energy, the rapidity, 
the polar angle, the isolation angle, the acoplanarity, the acollinearity or the event sphe- 
ricity. Therefore, the sensitivities on the A131 and A232 couplings obtained from the x ±tT 
production should be weaker than the sensitivities expected for Am and A212 respectively. 
Furthermore, the lack of precision in the r transverse momentum distribution renders the 
reconstructions of the Xii xf an d xf masses from the x ±rT production (see Sections 5.5 
and 5.7) difficult. 

5.9 Single neutralino production 

We have seen in Sections 5.3 and 5.4 that when the sneutrino mass is smaller than 
the lightest chargino mass (case of small ISR effect), the single chargino production cross 
section is greatly reduced at linear colliders. The reason is that in this situation the 
radiative return to the sneutrino resonance allowed by the ISR is not possible anymore. 
The interesting point is that for m^o < < m~±, the radiative return to the sneutrino 
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resonance remains possible in the single Xi production through Ai mi : e + e — > x\ v m- 
Therefore, in the region m^o < < rn^± the single Xi production has a larger rate than 
the single xt production and is thus attractive to test the \i m i couplings. 
We give now some qualitative comments on the backgrounds of the single neutralino 
production. If we assume that the Xi is the LSP, the x\ v m production leads to the 21 + Ip 
final state due to the ft p decay Xi ~^ This signature is free of R p - conserving SUSY 
background since the pair production of SUSY particles produces at least 4 charged 
leptons due to the presence of the LSP at the end of each of the 2 cascade decays. The 
Standard Model background is strong as it comes from the WW and ZZ productions but 
it can be reduced by some kinematic cuts. 

Therefore, in the region m^o < m„ < m~±, one expects an interesting sensitivity on Xi m i 
from the single neutralino production study which was for instance considered in [26] for 
muon colliders. 

The single Xi production allows also to reconstruct the Xi mass. Indeed, the neutralino 
mass is given by the endpoint of the distribution of the 2 leptons invariant mass in the 
21 + Ip final state generated by the single Xi production. The combinatorial background 
is extremely weak since the considered final state contains only 2 charged leptons. 

If the sneutrino is the LSP, when it is produced at the resonance through Ai m i as 
e + e~ — > u m , it can only decay as v m — > e + e~ assuming a single dominant fi p coupling 
constant. Hence, in this scenario, the sneutrino resonance must be studied trhough its 
effect on the Bhabha scattering [14, 15, 18, 19]. This conclusion also holds in the case of 
nearly degenerate v and Xi masses since then the decay u m — > e + e _ is dominant compared 
to the decay v m -> Xi u m- 

6 Conclusion 

The study at linear colliders of the single chargino production via the single dominant 
A121 coupling e + e~ — > x ± /x T is promising, due to the high luminosities and energies 
expected at these colliders. Assuming that the Xi is the LSP, the singly produced chargino 
has 2 main decay channels : ~^ xV' ±v an d ~^ Xi u d- 

The leptonic decay of the produced chargino x^ ~^ Xi^ ±l> (through, virtual or real, 
sleptons and lU-boson) leads to the clean 4/+^" final state which is almost free of Standard 
Model background. This signature suffers a large SUSY background in some regions of 
the MSSM parameter space but this SUSY background can be controled using the initial 
beam polarization and some cuts based on the specific kinematics of the single chargino 
production. Therefore, considering a luminosity of C = at ^/s = 500GeU and 

assuming the largest SUSY background, values of the Am coupling smaller than the 
present low-energy bound could be probed over a range of the sneutrino mass of Am^ ps 
500GeU around the sneutrino resonance and at the v pole the sensitivity on Am could 
reach values of order 10~ 4 . Besides, the 4/ + lp channel could allow to reconstruct the xf, 
X2 an d v masses. 

The hadronic decay of the produced chargino x^ — > Xi u d (through, virtual or real, 
squarks and lU-boson) gives rise to the 3/ + 2j + Jp final state. This signature, free from 
SUSY background, has a small Standard Model background and should thus also give 
a good sensitivity on the Am coupling constant. This hadronic channel should allow to 
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reconstruct the x°, xt, xf an d ^ masses. 

The sensitivity on the A131 coupling constant, obtained from the x ±r=F production 
study, is expected to be weaker than the sensitivity found on Am due to the decays of 
the tau-lepton. 
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Abstract 



We examine the effects of the R parity odd renormalizable interactions on flavor changing 
rates and CP asymmetries in the production of fermion- antifermion pairs at leptonic 
(electron and muon) colliders. In the reactions, l~ + l + — > fj + fj>, [I — e, [i\ J ^ J'] 
the produced fermions may be leptons, down-quarks or up-quarks, and the center of mass 
energies may range from the Z-boson pole up to 1000 GeV. Off the Z-boson pole, the 
flavor changing rates are controlled by tree level amplitudes and the CP asymmetries 
by interference terms between tree and loop level amplitudes. At the Z-boson pole, both 
observables involve loop amplitudes. The lepton number violating interactions, associated 
with the coupling constants, \jk, A^- fc; are only taken into account. The consideration 
of loop amplitudes is restricted to the photon and Z-boson vertex corrections. We briefly 
review flavor violation physics at colliders. We present numerical results using a single, 
species and family independent, mass parameter, fh, for all the scalar superpartners and 
considering simple assumptions for the family dependence of the R parity odd coupling 
constants. Finite non diagonal rates (CP asymmetries) entail non vanishing products of 
two (four) different coupling constants in different family configurations. For lepton pair 
production, the Z-boson decays branching ratios, Bjj> = B(Z — > lj + lj,), scale in order 
of magnitude as, Bjji (qt) 4 ( 100 ? eV ) 2 ' 5 10~ 9 ; with coupling constants A = A^ or \'^ k 
in appropriate family configurations. The corresponding results for d- and u-quarks are 
larger, due to an extra color factor, N c = 3. The flavor non diagonal rates, at energies 
well above the Z-boson pole, slowly decrease with the center of mass energy and scale 
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with the mass parameter approximately as, ojji ~ ((rr) 4 ( 10 °^ ey ) 2 ~ 3 (1 — 10) f barns. 
Including the contributions from an sneutrino s-channel exchange could raise the rates for 
leptons or d-quarks by one order of magnitude. The CP-odd asymmetries at the Z-boson 
pole, Ajji = B 1J '^ +B , ' I ' 1 , vary inside the range, (1CT 1 — 1CT 3 ) sin^, where ip is the CP-odd 
phase. At energies higher than the Z-boson pole, CP-odd asymmetries for leptons, d-quarks 
and u-quarks pair production lie approximately at, (1CT 2 — 1CT 3 ) simp, irrespective of 
whether one deals with light or heavy flavors. 
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1 Introduction 



An approximate R parity symmetry could greatly enhance our insight into the super- 
symmetric flavor problem. As is known, the dimension four R parity odd superpotential 
trilinear in the quarks and leptons superfields, 

W R . odd = J2 (\\ijkLiLjEt + KjkQiLjDi + ^U'Dp^ , (1.1) 

adds new dimensionless couplings in the family spaces of the quarks and leptons and 
their superpartners. Comparing with the analogous situation for the Higgs-meson-matter 
Yukawa interactions, one naturally expects the set of 45 dimensionless coupling constants, 
Ajjfc = —\jik, Kjki Kjk = ~Kkj-> to exhibit a non-trivial hierarchical structure in the 
families spaces. Our goal in this work will be to examine a particular class of tests at high 
energy colliders by which one could access a direct information on the family structure of 
these coupling constants. 

The R parity symmetry has inspired a vast literature since the pioneering period of 
the early 80's [1, 2, 3, 4, 5, 6, 7, 8] and the maturation period of the late 80's and early 
90's [9, 10, 11, 12, 13, 14]. This subject is currently witnessing a renewed interest [15, 16]. 
As is well known, the R parity odd interactions can contribute at tree level, by exchange 
of the scalar superpartners, to processes which violate the baryon and lepton numbers 
as well as the leptons and quarks flavors. The major part of the existing experimental 
constraints on coupling constants is formed from the indirect bounds gathered from the 
low energy phenomenology. Most often, these have been derived on the basis of the so- 
called single coupling hypothesis, where a single one of the coupling constants is assumed 
to dominate over all the others, so that each of the coupling constants contributes once at a 
time. Apart from a few isolated cases, the typical bounds derived under this assumption, 
assuming a linear dependence on the superpartner masses, are of order, [A, A', A"] < 
fin- 1 - in- 2 ) ^ 

yiu iu ) W0GeV - 

One important variant of the single coupling hypothesis can be defined by assuming 
that the dominance of single operators applies at the level of the gauge (current) basis 
fields rather than the mass eigenstate fields, as was implicit in the above original version. 
This appears as a more natural assumption in models where the presumed hierarchies in 
coupling constants originate from physics at higher scales (gauge, flavor, or strings). Flavor 
changing contributions may then be induced even when a single R parity odd coupling 
constant is assumed to dominate [17]. While the redefined mass basis superpotential may 
then depend on the various unitary transformation matrices, V£'r, [18], two distinguished 
predictive choices are those where the generation mixing is represented solely in terms of 
the CKM (Cabibbo-Kobayashi-Maskawa) matrix, with flavor changing effects appearing 
in either up-quarks or down-quarks flavors [17]. A similar situation holds for leptons with 
respect to the couplings, A^, and transformations, V l £ v R . 

A large set of constraints has also been obtained by applying an extended hypothesis 
of dominance of coupling constants by pairs (or more). Several analyses dealing with 
hadron flavor changing effects (mixing parameters for the neutral light and heavy flavored 
mesons, rare mesons decays such as, K — > ir + u + u, ...) [17] ; lepton flavor changing effects 
(leptons decays, if — > if + l~ + If, [19] — > e~ conversion processes, [20], neutrinos 
Majorana mass [21], ...) ; lepton number violating effects (neutrinoless double beta decay 
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[22, 23, 24]) ; or baryon number violating effects (proton decay partial branchings [25], 
rare non-leptonic decays of heavy mesons [26], nuclei desintegration [27],...) have led to 
strong bounds on a large number of quadratic products of the coupling constants. All of 
the above low energy works, however, suffer from one or other form of model dependence, 
whether they rely on the consideration of loop diagrams [25], on additional assumptions 
concerning the flavor mixing [17, 19, 20], or on hadronic wave functions inputs [26, 27]. 

Proceeding further with a linkage of R parity with physics beyond the standard model, 
our main observation in this work is that the R parity odd coupling constants could by 
themselves be an independent source of CP violation. Of course, the idea that the RPV 
interactions could act as a source of superweak CP violation is not a new one in the su- 
persymmetry literature. The principal motivation is that, whether the RPV interactions 
operate by themselves or in association with the gauge interactions, by exploiting the ab- 
sence of strong constraints on violations with respect to the flavors of quarks, leptons and 
the scalar superpartners by the RPV interactions, one could greatly enhance the potential 
for observability of CP violation. To our knowledge, one of the earliest discussion of this 
possibility is contained in ref. [8], where the role of a relative complex phase in a pair of 
\'^ k coupling constants was analyzed in connection with the neutral K, K mesons mixing 
and decays and also with the neutron electric dipole moment. This subject has attracted 
increased interest in the recent literature [28, 29, 30, 31, 32, 33, 34, 35, 36, 37]. Thus, 
the role of complex \'^ k coupling constants was considered in an analysis of the muon 
polarization in the decay, K + — > /i + + v + 7 [33], and also of the neutral B, B meson 
CP-odd decays asymmetries [29, 31, 32] ; that of complex \j k interactions was considered 
in a study of the spin- dependent asymmetries of sneutrino-antisneutrino resonant produc- 
tion of t— lepton pairs, l~l + — > u,u — > t + t~ [35] ; and that of complex A" jfe interactions 
was considered as a possible explanation for the cosmological baryon asymmetry [34], as 
well as in the neutral B, B decays asymmetries [32]. An interesting alternative proposal 
[30] is to embed the CP-odd phase in the scalar superpartner interactions corresponding 
to interactions of A' i j k X' i j k type. Furthermore, even if one assumes that the R parity odd 
interactions are CP conserving, these could still lead, in combination with the other pos- 
sible sources of complex phases in the minimal supersymmetric standard model, to new 
tests of CP violation. Thus, in the hypothesis of pair of dominant coupling constants 
new contributions involving the coupling constants A^- fe and the CKM complex phase can 
arise for CP-odd observables associated with the neutral mesons mixing parameters and 
decays [29, 31, 32]. Also, through the interference with the extra CP-odd phases present 
in the soft supersymmetry parameters, A, the interactions A^ and \'^ k may induce new 
contributions to electric dipole moments [38]. 

We propose in this work to examine the effect that R parity odd CP violating inter- 
actions could have on flavor non-diagonal rates and CP asymmetries in the production 
at high energy colliders of fermion-antifermion pairs of different families. We consider the 
two-body reactions, l~(k) + l + (k') — > fj(p) + fj>(p'), [J 7^ J'] where / stands for electron 
or muon, the produced fermions are leptons, down-quarks or up-quarks and the center 
of mass energies span the relevant range of existing and planned leptonic (electron or 
muon) colliders, namely, from the Z-boson pole up to 1000 GeV. High energy colliders 
tests of the RPV contributions to the flavor diagonal reactions were recently examined in 
[39, 40, 41, 42] and for flavor non-diagonal reactions in [43]. 

The physics of CP non conservation at high energy colliders has motivated a wide 
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variety of proposals in the past [44] and is currently the focus of important activity. In 
this work we shall limit ourselves to the simplest kind of observable, namely, the spin 
independent observable involving differences in rates between a given flavor non-diagonal 
process and its CP conjugated process. While the R parity odd interactions contribute to 
flavor changing amplitudes already at tree level, their contribution to spin independent 
CP-odd observables entails the consideration of loop diagrams. Thus, the CP asymmetries 
in the Z-boson pole branching fractions, B(Z — > fj + fj>), are controlled by a complex 
phase interference between non-diagonal flavor contributions to loop amplitudes, whereas 
the off Z-boson pole asymmetries are controlled instead by a complex phase interference 
between tree and loop amplitudes. Finite contributions at tree level order can arise for 
spin dependent CP-odd observables, as discussed in refs. [35, 36]. 

It is useful to recall at this point that contributions in the standard model to the 
flavor changing rates and/or CP asymmetries can only appear through loop diagrams 
involving the quarks-gauge bosons interactions. Corresponding contributions involving 
squarks-gauginos or sleptons-gauginos interactions also arise in the minimal supersymme- 
tric standard model. In studies performed some time ago within the standard model, the 
flavor non diagonal vector bosons (Z-boson and/or W-bosons) decay rates asymmetries 
[45, 46, 47] and CP-odd asymmetries [48, 49] were found to be exceedingly small. (Simi- 
lar conclusions were reached in top-quark phenomenology [50].) On the other hand, in 
most proposals of physics beyond the standard model, the prospects for observing flavor 
changing effects in rates [45, 46, 47, 48, 49, 51] or in CP asymmetries [44, 52] are on the 
optimistic side. Large effects were reported for the supersymmetric corrections in flavor 
changing Z-boson decay rates arising from squarks flavor mixings [53] , but the conclusions 
from this initial work have been challenged in a subsequent work [54] involving a more 
complete calculation. 

The possibility that the R parity odd interactions could contribute to the CP asym- 
metries at observable levels depends in the first place on the accompanying mechanisms 
responsible for the flavor changing rates. Our working assumption in this work will be 
that the R parity odd interactions are the dominant contributors to flavor non-diagonal 
amplitudes. 

The contents of this paper are organized into 4 sections. In Section 2, we develop the 
basic formalism for describing the scattering amplitudes at tree and one-loop levels. We 
discuss the case of leptons, down-quarks and up-quarks successively in subsections 2.1, 2.2 
and 2.3. The evaluation of the one-loop loop diagrams is based on the standard formalism 
of [56]. Our calculations here closely parallel similar ones developed [57, 58] in connection 
with corrections to the Z-boson partial widths. In Section 3, we first briefly review the 
physics of flavor violation and next present our numerical results for the integrated cross 
sections (rates) and CP asymmetries for fermion pair production at and off the Z-boson 
pole. In Section 4, we state our main conclusions and discuss the impact of our results on 
possible experimental measurements. 

2 Production of fermion pairs of different flavors 

In this section we shall examine the contributions induced by the RPV (R parity 
violating) couplings on the flavor changing processes, l~(k) +l + (k') — > fj(p)+fj>(p r ), [I = 
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Kk) f j(P) 




(a) (b) (c) 



FlG. 1: Flavor non-diagonal process of l~l + production of a fermion-antifermion pair, 
l~{k) + l + {k') — > fj(p) + fj'ip')- The tree level diagrams in (a) represent t- and s-channel 
exchange amplitudes. The loop level diagrams represent 7 and Z gauge boson exchange 
amplitudes with dressed vertices in (b) and box amplitudes in (c). 



e, \i\ J ^ J'} where / stands for leptons or quarks and J, J' are family indices. The 
relevant tree and one-loop level diagrams are shown schematically in Fig. 1. At one-loop 
order, there arise 7— and Z— boson exchange triangle diagrams as well as box diagrams. 
In the sequel, for clarity, we shall present the formalism for the one-loop contributions only 
for the dressed Zff vertex in the Z-boson exchange amplitude. The dressed 7-exchange 
amplitude has a similar structure and will be added in together with the Z-boson exchange 
amplitude at the level of the numerical results. Since we shall repeatedly refer in the text 
to the R parity odd effective Lagrangian for the fermions-sfermion Yukawa interactions, 
we quote below its full expression, 

L = Y,{\ X ijk[^iLekRejL + e jL e kR u iL + el R Ui R e jL - (i ^ j)] 

ijk 

+ Kjk&LdkRdjL + d jL d kR u iL + dl R v c iR d jL - e iL d kR u jL - u jL d kR e iL - d* kR e c iR u jL \ 
+ ^"ijke a ^[u* aR d jl3R d c kyL + d*p R u iaR d c klL + d% R u iaR d c j/3L - (j -> A;)] J + h.c. , 

(2.1) 

noting that the summations run over the (quarks and leptons) families indices, k = 
[(e,/i,r); (d, s,b); (u, c, t)], subject to the antisymmetry properties, — —Xjik, X"j k = 
—X" k j. We use precedence conventions for operations on Dirac spinors such that charge 
conjugation acts first, chirality projection second and Dirac bar third, so that, ^ C LR = 

2.1 Charged lepton-antilepton pairs 

General formalism 

The process l~(k) + l + {k') — > e]{p) + ej,(p'), for I — e, \i\ J ^ J', can pick up a finite 
contribution at tree level from the R parity odd couplings, A^, only. For clarity, we treat 
in the following the case of electron colliders, noting that the case of muon colliders is 
easily deduced by replacing all occurrences in the RPV coupling constants of the index 1 
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by the index 2. There occur both t-channel and s-channel exchange contributions, of 
the type shown by the Feynman diagrams in (a) of Fig. 1. The scattering amplitude at 
tree level, M t , reads : 



M t JJ ' 



1 



Aii jK\j' u r{v)1h v R (p')vL(k'h^u L (k) 



s — m 



knKjj' v R(k')u L (k)u L (p)v R (p') + \ i l 11 \ijj>v L (k')u R {k)u R (p)v L (p') 



(2.2) 



where to obtain the saturation structure in the Dirac spinors indices for the t-channel 
terms, we have applied the Fierz rearrangement formula, u R (p)uL(k)vL(k')v R (p') = 
^u R (p)j l j i v R (p')vL(k')'y^UL(k) . The t-channel (s-channel) exchange terms on the right hand 
side of eq.(2.2) include two terms each, called 71- and £-type, respectively. These two 
terms differ by a chirality flip, L <-> R, and correspond to the distinct diagrams where the 
exchanged sneutrino is emitted or absorbed at the upper (right-handed) vertex. 

The Z-boson exchange amplitude (diagram (b) in Fig. 1) at loop level, Mi, reads : 



M, JJ ' = 



9 



2 cos 9 W 



v(k')~/Ja(e L )P L + a(e R )P R )u(k) 



s — m 2 z + imz^z 



rjW), (2.3) 



where the Z-boson current amplitude vertex function, F^(p,p'), is defined through the 
effective Lagrangian density, 



L = 



9 



2 cos 9 W 



z»r z (p, P '). 



For later convenience, we record for the processes, Z(P = p + p') — > f(p) + f'(p') and 
Z(P) — > fn(p) + /ff(p')) the familiar definitions of the Z-boson bare vertex functions, 



(2.4) 



r>,p') = f(phJa(f L )P L + a(f R )P R )f(p') + (p-p')»r H (p')a{f H )f H (p) 



where the quantities denoted, a(/#) = a^(/) and a(f H ), taking equal values for both 
fermions and sfermions, are defined by, a(f H ) = a(f H ) = 2T^(f) — 2Qx w , where H = 
(L, R), x w = sin 2 9 W) are SU (2) H Cartan subalgebra generators, and Q = T 3 L + Y, Y 
are electric charge and weak hypercharge. These parameters satisfy the useful relations : 
a (/tf) = a h{f c ) = -a R {f), a R (f c ) = -a L (f). Throughout this paper we shall 
use the conventions in Haber-Kane review [59] (metric signature (H ), P^ = (1 =F 

7 5 )/2, etc..) and adopt the familiar summation convention on dummy indices. 

The Lorentz covariant structure of the dressed Z-boson current amplitude in the pro- 
cess, Z(P) — > fj(p) + fj'{p'), for a generic value of the Z-boson invariant mass s = P 2 , 
involves three pairs of vectorial and tensorial vertex functions, which are defined in terms 
of the general decomposition : 



r>,p') = uip)^[A J L J (f)P L + A R J (f)P R ^ 

+ ; <v Up + p'YW 3 ' + 75 rf JJ '] + (p - P'YW 3 ' + 7 5 e JJ '] 



v(p) , 
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(2.5) 

where, a^ u = | [7^,7^]. The vector vertex functions separate additively into the classical 
(bare) and loop contributions, A J H J ' (/) = a H (f)Sjj' + Aj/'(f), [H = L,R]. The tensor 
vertex functions, associated with a^ip + p') v , include the familiar magnetic and electric 
Z f f couplings, such that the flavor diagonal vertex functions, — 2c os0 w 2mj[ aJJ > ^ JJ ]> 
identify, in the small momentum transfer limit, with the fermions Z-boson current ma- 
gnetic and (P and CP-odd) electric dipole moments, respectively. In working with the 
spinors matrix elements, it is helpful to recall the mass shell relations, u(p)^ 
= mju(p), i>'v{p') = —mj'v(p f ), and the Gordon type identities, appropriate to the 
saturation of the Dirac spinor indices, u(p) ■ ■ -v(p'), 



(P ± p')h 



(p =f p) 




(PTP 1 



(p±p 




{m J + m J >)'y li 



(mj - mj/^l 



75 



75 



Based on these identities, one also checks that the additional vertex functions, [b JJ ' , e JJ '}, 
associated with the Lorentz covariants, cr MI/ (p — 75], can be expressed as linear com- 

binations of the vector or axial covariants, 7^ [1,7s], and the total momentum covariants, 
(p + p% [1)75]- The latter will yield, upon contraction with the initial state Zl~l + vertex 
function, to negligible mass terms in the initial leptons. 

Let us now perform the summation over the initial and final states polarizations for 
the summed tree and loop amplitudes, M JJ = M t JJ + M/ J , where the lower suffices 
t, I stand for tree and loop, respectively. (We shall not be interested in this work in spin 
observables.) A straightforward calculation, carried out for the squared sum of the tree 
and loop amplitudes, yields the result (a useful textbook to consult here is ref. [60]) : 



E 

pol 



\M. JJI + M, JJ '\ 2 



2(t 



+ 



m 



9 



2 cos 9 W 



2 a(e L )A J R J '(e, s + ie) 



im z r 2 



16(k ■ p)(k' ■ p) 



+ 
+ 



Smjmjik ■ k')<p LL (1l) + 8m 2 e (p ■ p')cp RR (TZ)+ 



+ 



g \ 2 a(e R )A J L J '(e,s + ie) 



2(t — m~ ) \2cos9 w J s — m\ + im z T z 
+ 8mjm. r (k ■ k')<p RR (C) + 8m 2 e (p ■ p')ip LL {C) + 8 



\Q{k ■ p){k' ■ p ) 



m 



ViL 



(k-k')(p- P '), 



(2.6) 



where we have introduced the following functions, associated with the 1Z- and £-type 
contributions : 



<Phh>(R) = 



9 



2 cos 9 W 
9 

2 cos 9 W 



a(e H )Aj/,'(e, s + ie) 
s — m 2 z + im z T z 

a(e H )Aj/,'(e, s + ie) 
s — m 2 z + im z T z 



KjiKj'i 



2{t 



m 



+ c. c 



+ c. c 



(2.7) 



The two sets of terms in eqs.(2.7) and (2.6), labelled by the letters, 1Z, C, are associated 
with the two t-channel exchange contributions in the tree amplitude, eq.(2.2), which 
differ by the spinors chirality structure and the substitutions, XajX^j, — > A^Ajj'i- The 
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terminology, C, 7Z, is motivated by the fact that these contributions are controlled by the 
Z-boson left and right chirality vertex functions, A L and A R , respectively, in the massless 
limit. 

The imaginary shift in the argument, s + ie (representing the upper lip of the cut real 
axis in the complex s-plane) of the vertex functions, Aj/ (/, s + ie), has been appended to 
remind us that the one-loop vertex functions are complex functions in the complex plane 
of the virtual Z-boson mass squared, s = {p+p') 2 , with branch cuts starting at the physical 
thresholds where the production processes, such as, Z — > / + / or Z — > / + /*, are raised 
on-shell. For notational simplicity, we have omitted writing several terms proportional to 
the initial leptons masses and also some of the small subleading terms arising from the 
loop amplitude squared. At the energies of interest, whose scale is set by the initial center 
of mass energy or by the Z-boson mass, the terms involving factors of the initial leptons 
masses m e , are entirely negligible, of course. Thus, the contributions associated with 
<Prr(1Z), <Pll(£) can safely be dropped. Also, the contribution from </?ll(7?.) and <Prr(C) 
which are proportional to the final state leptons masses, mj, and mjr, can to a good 
approximation be neglected for leptons production. Always in the same approximation, 
we find also that interference terms are absent between the s-channel exchange and the t- 
channel amplitudes and between the s-channel tree and Z-boson exchange loop amplitudes. 
Similarly, because of the opposite chirality structure of the first two terms in M/ J , their 
cross-product contributions give negligibly small mass terms. 



CP asymmetries 

Our main concern in this work bears on the comparison of the pair of CP conjugate 
reactions, l~(k) + l + (k') — > ej(p) + ej,(p') and l~(k) + l + (k') — > ej,(p) + e~j(p'). Denoting 
the summed tree and one-loop probability amplitudes for these reactions as, M JJ = 
M/ J ' + M/ J ', M jj ' = Mf J + Mf J = M J ' J , we observe that these amplitudes are simply 
related to one another by means of a specific complex conjugation operation. The general 
structure of this relationship can be expressed schematically as : 

M JJ ' = a J J ' + ]T ai J 'F J /{s + ie), M JJ ' = a JJ '* + £ afV a J ' J (s + ie), (2.8) 

a a 

where for each of the equations above, referring to amplitudes for pairs of CP conjugate 
processes, the first and second terms correspond to the tree and loop level contributions, 
with Oq J , Oq j = Oq J *, representing the tree amplitudes and a J J , a J a J = a J a J * and 
F^ J , J = F^ J representing the complex valued coupling constants products and 
momentum integrals in the loop amplitudes. The functions F JJ must be symmetric under 
the interchange, J <-> J'. The summation index a labels the family configurations for 
the intermediate fermions-sfermions which can run inside the loops. Defining the CP 
asymmetries by the normalized differences, 



A 



jj> 



\M JJ ' 


2 " 


M JJ '\ 2 


\M JJI 


2 + 


M JJ '\ 2 



and inserting the decompositions in eq.(2.8), the result separates additively into two types 
of terms : 



Ajj> 



Kl 2 



^2 Im(a a* a )Im(F a (s + ie)) 
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- Fm(a a a a ,)Im(F a (s + ie)F*,(s + ie)) 

a<a' 



(2.9) 



where, for notational simplicity, we have suppressed the fixed external family indices on 
a o J i a a' J an d Fii J > anc ^ replaced the full denominator by the tree level amplitude, since 
this is expected to dominate over the loop amplitude. The first term in (2.9) is associated 
with an interference between tree and loop amplitudes and the second with an interference 
between terms arising from different family contributions in the loop amplitude. In the 
second term of eq.(2.9), the two imaginary parts factors are antisymmetric under the 
interchange of indices, a and a', so that their product is symmetric and allows one to write, 
J2 a <a' = \ Ea^«' • To obtain a more explicit formula, let us specialize to the specific case 
where the Z-boson vertex functions decompose as, Aj/' (f, s+ie) = J2 a ^jj'^Ha( sJt ~^ e )- The 
first factors, bjj, = \ijj\*jjr (using a = (ij) and notations for the one-loop contributions 
to be described in the next subsection), include the CP-odd phase from the R parity odd 
coupling constants. The second factors, lj/ a , include the CP-even phase from the unitarity 
cuts associated to the physical on-shell intermediate states. In the notations of eq.(2.8), 

< J ' = (^ F ) 2 a(e^)^ ) F J J = I J Z{s + ie)/{s - m| + im z Y < z ), 
2 cos 9 w 

where the right hand sides incorporate appropriate sums over the chirality indices, H', H 
of the initial and final fermions, respectively. 

Applying eq.(2.8) to the asymmetry integrated with respect to the scattering angle, 
one derives for the corresponding integrated tree-loop interference contribution, 



Ajj> = -4(«-^j-) a(e L )Im(X ilJ >$ij,a?Af R ))Im 

\ l COS (7w / 



W' \s — ni z 

ax — — 



s — m 2 z + imz^z 



(2.10) 



where, 9, [x = cos 9] denotes the scattering angle variable in the center of mass frame and 
the Mandelstam variables in the case of massless final state fermions take the simplified 
expressions, s = (k + k') 2 , t = (k — p) 2 = —\s(l — x), u = (k — p') 2 = — |s(l + x). 
Useful kinematical relations in the general case with final fermions masses, mj, mj>, 
are : y/s = 2k = E p + E p i, t = m 2 — sE p (l — fix), u = m 2 , — sE p >(l + f3'x), where, 
E p = (s+m 2 -m 2 ,)/(2^), E pl = (s+m 2 l -m 2 )/(2 v ^), (3 = p/E p , (3' = p/E p ,, with k, p 
denoting the center of mass momenta of the two-body initial and final states, respectively. 
The unpolarized differential cross section reads then, da/dx = j^sfsjfei H po i \ M\ 2 . 

For the Z-boson pole observables, the flavor non-diagonal branching ratios and CP 
asymmetries (where one sets, s = m 2 z ) are defined in terms of the notations specified in 
the preceeding paragraph by the equations, 

R T{Z-+fj + fj,) + T{Z^fj, + fj) JAi J '(f)\ 2 + \A J /(f)\ 2 

ijJJ' = =ttt: — = 2 



Ajv = 



T(Z^all) E f \a L (f)\ 2 + \a R (f)\ 2 

r(z^fj + fj,)-r(z^fj, + fj) 



T(Z -> fj + fj.) + T(Z -»• fj, + fj) 
. gg^Eq^ Imib^b^Imjl^is + ie)I^(8 + ie)) 

E H =L,n\E a b^(f)Fg(s + ie)\ 2 ■ { ■ } 
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(a) (b) (c) 

Fig. 2: One-loop diagrams for the dressed Z(P) f(p)f(p') vertex. The flow of four- 
momenta for the intermediate fermions in (a) is denoted as, Z(P) — > f(Q) + f(Q') — > 
fj{p) + fj'ip')- Similar notations are used for the sfermions diagram in (b) where, 
Z(P) — > f'(Q) + f*{Q'), and for the self-energy diagrams in (c). 



For completeness, we recall the formula for the Z-boson decay width in fermion pairs 
(massless limit), 

nz ^ fj+ j,) = q 0^ui Jl u)? + \a j /u)\% 

where, Cf = [1, N c ], for [/ = l,q] (N c = 3 is the number of colors in the SU(3) C color 
group) and the experimental value for the total width, Y[Z — > all) exp = 2.497 GeV. 

The expressions in eqs.(2.10) and (2.11) for the CP asymmetries explicitly incorpo- 
rate the property of these observables of depending on combinations of the RPV coupling 
constants, such as, Ar^AjijA^j/A^jAj/jj/), or Ar^AjjjA^j/A^/jAjyj/), which are inva- 
riant under complex phase redefinitions of the fields. This freedom under rephasings of 
the quarks and leptons superfields actually removes 21 complex phases from the complete 
general set of 45 complex RPV coupling constants. 



One-loop amplitudes 

The relevant triangle Feynman diagrams, which contribute to the dressed Z-boson lep- 
tonic vertex, Z(P)l~(p)l + (p'), appear in three types, fermionic, scalar and self-energy, as 
shown in Fig. 2. We consider first the contributions induced by the R parity odd couplings, 
\[j k . The intermediate lines can assume two distinct configurations which contribute both, 
in the limit of vanishing external fermions masses, to the left-chirality vertex functions 
only. We shall refer to such contributions by the name £- type contributions, reserving 
the name IZ-type to contributions to the right- chirality vector couplings. The two allowed 
configurations for the internal fermions and sfermions are : / = — (j L \ O ur 

calculations of the triangle diagrams employ the kinematical conventions for the flow of 
electric charge and momenta indicated in Fig. 2, where P = p + p' = Q + Q' = k + k'. The 
summed fermion and scalar Z-boson current contributions are given by : 

u(p)[P R (Q + m f )^(a(h)PL + a(fR)P R )(-Q' + m f )P L ]v(p') 
(Q 2 - m})({Q -p- p'Y - m)){{Q - pf - m 2 -) 



rj(£) = +iNX Jjk Xj>jk 
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+ 



a(f' L )(Q ~ Q')Mp)[Pr(^> -Q + m f )P L }v(p') 
Q (Q2 - mj,)((Q -P- P') 2 ~ m 2 fl )((Q - P) 2 ' m}) 



(2.12) 



The integration measure is defined as, Jq = -^yj / d A Q. For a convenient derivation of 
the self-energy diagrams, one may invoke the on shell renormalization condition which 
relates these to the fields renormalization constants. Defining schematically the self-energy 
vertex functions for a Dirac fermion field ijj by the Lagrangian density, L — — m + 
S(p))^, S(p) = m<7 +f(a L PL + (t r Pr), the transition from bare to renormalized fields 
and mass terms may be effected by the replacements, 

ip H -»• -r = ^hZ^, m -> m r . [H = L, R] 

(l + a H )2 (1-o-oJ 

By a straightforward generalization to the case of several fields, labelled by a family 
index J, the fields renormalization constants become matrices, Zf Jf = (1 + a H )jj,. The 
self-energy contributions to the dressed Z-boson vertex function is then described as, 

KM)se = E ((Z^Zf^ -l)u(ph,a(f H )P H v(p') 

H=L,R ^ ' 

= E k°Up)+rfW))u(phAfH)P H v(p'), (2.13) 

H=L,R Z 

where for the case at hand, 

Mp) = - t NA Jjt \ Jllk J q ( _ Q2 + m)){ _ {Q _ p)2 + , (2.14) 



E 



so that <7jj/ = and o"o = 0. Similar Feynman graphs to those of Fig. 2, and similar 
formulas to those of eqs.(2.12) and (2.13), obtain for the dressed photon current case, 
~ (/')/•('//). 

We organize our one-loop calculations in line with the approach developed by 't Hooft 
and Veltman [55] and Passarino and Veltman[56], keeping in mind that our spacetime 
metric has an opposite signature to theirs, ( — h ++)• For definiteness, we recall the 
conventional notations for the two-point and three-point integrals, 

(Sp [jB °' ~ p " Bl] = Jq {-Qz + m^i-iQ-py + miy (2 - 15) 



(f^T [Co, -PpPw - p'f,C 12 , p^PvCix + p'uP'^C 2 2 + {p^p' u + PuP' il )C 2 3 

r [] 2 Q B1 QjM 

Jq {-Q 2 + m?)(-(Q - pf + m 2 2 ){-{Q -p- p') 2 + m§) ' 

where the arguments for the B— and C— functions are defined as : B>a{—P, mi,m 2 ), [A = 
0,1] and C B (-p,-p',m u m 2 ,m 3 ), [B = 0,11,12,21,22,23,24]. In the algebraic deri- 
vation of the one-loop amplitudes, we find it convenient to introduce the definitions : 
Pv = \Pn + P», P'^ = jPfM ~ PfM, where P = p + p', p=\{p-p')- The terms proportional 
to the Lorentz covariant P M = (p + p')^ will then reduce, for the full Z-boson exchange 
amplitude in eq. (2.3), to negligible mass terms in the initial leptons. 



21 



(2.16) 
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Dropping mass terms for all external fermions, the tensorial couplings cancel out and 
we need keep track of the vector couplings only, with the result : 



a(f L )m 2 f C + a(f R ) (b^ - 2C 2i - m),C^ + 2a(f' L )C 24 + a(f L )B{ 2 } 



A JJ '(r\ - Ar ^'jjkKj'jk 
A J /(C) = 0. (2.17) 

The cancellation of the right chirality vertex function in this case is the reason behind our 
naming these contributions as £-type. The two-point and three-point integrals functions 
without a tilde symbol arise through the fermion current triangle contribution and the 
self-energy contribution (represented by the term proportional to B^p). These involve the 
argument variables according to the following conventions, = 
Ba(~P ~ p',rn f ,m f ), B^ = B A (-p,m f ,m f ~,), B^ = B A (-p' ,m f -,,m f ), and C B = 
Ca{—P, —p',mf,mp,mf). The integral functions with a tilde arise in the sfermion current 
diagram and are described by the argument variables, Ca = Ca(~P, —p',mp,mf,mj,). 

A very useful check on the above results concerns the cancellation of ultraviolet di- 
vergencies. This is indeed expected on the basis of the general rule that those interaction 
terms which are absent from the classical action, as is the case for the flavor changing 
currents, cannot undergo renormalization. A detailed discussion of this property is de- 
veloped in [61]. The logarithmically divergent terms in eq.(2.17), proportional to the 
quantity, A = —^jzi + 7 — ln7r, as defined in [56], arise from the two- and three-point 
integrals as, B — > A, B\ — > — |A, C 2 a — > |A, all other integrals being finite. Perfor- 
ming these substitutions, we indeed find that A comes accompanied by the overall factors, 
[— a(eL)+a(u%)+a(dR)], or [— a(e^) + a((i^)+a j R(-u c )], which both do vanish in the relevant 
configurations for /, /'. 

Let us now consider the R parity odd Yukawa interactions involving the A^. These 
contribute through the same triangle diagrams as in Fig. 2. There arise contributions of C- 
type, in the single configuration, / = e^, /' = i>* L and of 7£-type in the two configurations, 
/ = (^J^j , /' = (~^) • Following the same derivation as above, and neglecting all of the 
external mass terms, we obtain the following results for the one-loop vector coupling 
vertex functions : 



A R J 'W = ^0jfHf R )m)C, + a{f L ){B^ - 2C 2A - m),C,) + 2a{f L )C 2A + a{f R )Bf\ 

(2.18) 

with A J R J '(C) = 0, Af; J '(Tl) = 0. We note that the £, 1Z contributions are related by a 
mere chirality flip transformation and that the color factor, N c , is absent in the present 
case. 



2.2 Down- quark- ant iquark pairs 

The processes involving flavor non-diagonal final down-quark-antiquark pairs, l~(k) + 
l + {k') — > dj(p) + dj/(p'), pick up non vanishing contributions only from the \'^ k interac- 
tions. Our discussion here will be brief since this case is formally similar to the leptonic 
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case treated in subsection 2.1. In particular, the external fermions masses, for all three 
families, can be neglected to a good approximation at the energy scales of interest. The 
tree level amplitude comprises an TZ-type single t-channel w-squark exchange diagram and 
two s-channel diagrams involving v and v sneutrinos of the type shown in (a) of Fig. 1, 

\ii^uj>v R {k')u L (k)u L (p)v R (p') + KiiK.jj<VL{.k')u R (k)u R (p)v L (p') 



(2.19) 



where a Kronecker symbol factor, 5 a b, expressing the dependence on the final state quarks 
color indices, d a d b: has been suppressed. This dependence will induce in the analog of the 
formula in eq.(2.6) expressing the rates, an extra color factor, N c . 

At one-loop level, the dressed Z dj dj> vertex functions in the Z-boson s-channel ex- 
change amplitude can be described by the same type of triangle diagrams as in Fig. 2. 
The fields configurations circulating in the loop correspond now to quarks-sleptons of 
£-type, / = d k \~V = u* L , and of 7£-type, / = /' = (~^)- There also occurs corres- 

ponding leptons-squarks fields configurations of £-type, / = uf; f = dk R , and 71— type, 
^ = (e*) ' /' = (s J x) • ^ ne ^~ an< ^ ^P e contributions differ by a chirality flip, the 
first contributing to A J L J ' and the second to A J R J ' . The calculations are formally similar 
to those in subsection 2.1 and the final results have a nearly identical structure to those 
given in (2.17). For clarity, we quote the final formulas for the one-loop vector coupling 
vertex functions, 



A i,Jk A i. 

(4vr)< 

A i J \ n ) = ^' J K/J»K C » + a (h)(B^ ~ 2C 24 - m),C Q ) + 2a{f L )C 24 + a(d R )B?\ 

(2.20) 



a jj> {c) = uk\j'k WL ) m 2 Co + a(f R )(BP - 2C 24 - m},C ) + 2a(f' L )C 24 + a(d L )B[% 



where the intermediate fermion-sfermion fields are labelled by the indices /, /'. There 
are implicit sums in eq.(2.20) over the above quoted leptons-squarks and quarks-sleptons 
configurations. The attendant ultraviolet divergencies are accompanied again with vani- 
shing factors, a(d R ) — a(di) + o,(v R ) = 0, a(di) — a(d R ) + cl(vl) = 0. 



2.3 Up-quark-antiquark pairs 

The production processes of up-quark-antiquark pairs of different families, l~(k) + 
l + {k') — * uj(p) +ujr(p'), may be controlled by the \'^ k interactions only. The tree ampli- 
tude is associated with an u-channel <i-squark exchange, of type similar to that shown by 
(a) in Fig. 1, and can be expressed as, 

M t JJ ' = - 9 ^ A/l f^ L(A: / )7^L(A:)^(p)7^L(p / ), (2-21) 

after using the Fierz reordering identity, appropriate to commuting Dirac (rather than an- 
ticommuting field) spinors, u c (k)PLv(p')u(p)P R v c (k') = +lv L (k')'j^u L (k)u L (p)'j^v L (p'). 
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We have omitted the Kronecker symbol 5 a b on the u a Ub color indices, which will result 
in an extra color factor N c = 3 for the rates, as shown explicitly in eq.(2.22) below. 
The present case is formally similar to the leptonic case treated in subsection 2.1, except 
for a chirality flip in the final fermions. We are especially interested here in final states 
containing a top-quark, such as tc or tu, for which external particles mass terms cannot 
obviously be ignored. The equation, analogous to (2.6), which expresses the summations 
over the initial and final polarizations in the total (tree and loop) amplitude, takes now 
the form, 



J2\M t JJ ' + Mi 

pol 



JJ'\2 



A ij'k A ' 



Uk 



9 



a(e L )A J L J (u, s + ie) 



2(u — m| ) \2 cos 9w/ o — m z 
x 16(fc • p') (k' ■ p) + 8mjmj, (k ■ k')ip LR (£) 



s — m z + imz^z 



(2.22) 



where 0{m 2 e ) terms were ignored and we have denoted, 



+ 



9 



a(e L )A 



j j' , 

R 1 



ie 



2 cos 9wJ \s — m z + im z T z 



A U'k A Uk 

' 2 

rrir 

dkR 



+ c. c . (2.23) 



The modified structure for the kinematical factors in the above up-quarks case, eq.(2.22), 
in comparison with the leptons and d-quarks case, eq.(2.6), reflects the difference in chiral 
structure for the RPV tree level amplitude. 

In the massless limit for both the initial and final fermions (where helicity, h = 
(—1,-1-1), and chirality, H = (L,R), coincide) the RPV interactions contribute to the 
helicity amplitudes for the process, l~ + / + — > fj + fj>, in the mixed type helicity confi- 



hj (same as for the RPC gauge interactions) which 



gurations, hi- = —hi+, hj T = 
are further restricted by the conditions, hi- = —hfj, for leptons and d-quarks produc- 
tion, and hi- = hf r , for up-quarks production. The dependence of the RPV scattering 
amplitudes on scattering angle has a kinematical factor in the numerator of the form, 
[1 + hi-hfj cos#] 2 . [The parts in our formulas in eqs. (2.22) and (2.6), containing the in- 
terference terms between RPV and RPC contributions, partially agree with the published 
results [40, 41]. We disagree with [40, 41] on the relative signs of RPV and RPC contribu- 
tions and with [41] on the helicity structure for the up-quarks case. Concerning the latter 
up-quarks case, our results concur with those reported in a recent study [43].] 

The states in the internal loops of the triangle diagrams occur in two distinct C- 
type configurations, / = (^j; f = (j lL )- The calculations involved in keeping track of 
the mass terms are rather tedious. They were performed by means of the mathematica 
software package, "Tracer" [62] whose results were checked against those obtained by 
means of "FeynCalc" [63] . The relevant formulas for the vertex functions read : 



A J L J \C) = 



* r 

Jk 



(Airy 



a L {u) B{ 2) + a(f L ) m f 2 C + a(f) ( 2C 24 + 2 m) (C 12 - C 21 + C 23 - C n ) 



+ a(f R ) ( -2C 2A - m/Co + m/ ( C + 3C n - 2C 12 + 2C 21 - 2C 23 ) - mj,C 



'12 



Xjj'k\ jk , 
(4tt)^ 



-mjmji 



2a(f) (-C 23 + C 22 + a(f R ) - C n + C 12 - 2C 23 + 2C, 



'22 



[2.24) 
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2:5 1 



The above formulas include an implicit sum over the two allowed configurations for the 
internal fermion-sfermions, namely, a(c4#), and a(e^ H ), a{dk R ). For completeness, 

we also display the formula expressing the tensorial covariants, 

r*(p,p')tensoriai = ^^ ia^p" [mjP L (a(f R ) (C u - C 12 + C 21 - Q 

a(f')(C n + C 21 - C 12 - C 23 )) + + a(f R )(C 22 - C 23 ) + a(f')(C 23 - C< 22 )) 

(2.25) 

The complete Zfjfj, vertex function, V 1 = T^ ectorial + T^ ensorial , should (after extracting 
the external Dirac spinors and the RPV coupling constant factors) be symmetrical under 
the interchange, J <-> J', or more specifically, under the interchange, mj <-> mj<. This 
property is not explicit on the expressions in eqs. (2.24) and (2.25), but can be established 
by reexpressing the Lorentz covariants by means of the Gordon identity. The naive use of 
eq.(2.11) to compute CP-odd asymmetries would seem to yield finite contributions (even 
in the absence of a CP-odd phase) from the mass terms in the vectorial vertex functions, 
A J L J , owing to their lack of symmetry under, mj <-> mj/. Clearly, this cannot hold true and 
is an artefact of restricting to the vectorial couplings. Including the tensorial couplings 
is necessary for a consistent treatment of the contributions depending on the external 
fermions masses. Nevertheless, we emphasize that the tensorial vertex contributions will 
not included in our numerical results. 

Finally, we add a general comment concerning the photon vertex functions, Ajf R , and 
the way to incorporate the 7-exchange contributions in the total amplitudes, eqs. (2.6) and 
(2.22). One needs to add terms obtained by substituting, 2 J s0w — > § = gsi ° gvy , a LjR (f) — > 
2Q(/), (s — rn 2 z + imzTzY 1 — > s _1 , along with the substitution of Z-boson by photon 
vertex functions, A J L J R (e, s + it) — > Ajf^ (e, s + ie). The substitution which adds in both 
Z-boson and photon exchange contributions reads explicitly : 



a R , L (e) E a(f)C f +2Q(e) sin 2 6 W cos 2 e w [{s-m 2 z +im z T z ) / s\ £ 2Q(f)C f 
f f 



where we have used the schematic representation, A J L J ' R = J2f a (f)Cj. 



3 Basic assumptions and results 

3.1 General context of flavor changing physics 

To place the discussion of the RPV effects in perspective, we briefly review the cur- 
rent situation of flavor changing physics. In the standard model, non-diagonal effects 
with respect to the quarks flavor arise through loop diagrams. The typical structure of 
one-loop contributions to, say, the Zff vertex function, Y,i V*jVijiI{m{^ /m^), involves 
a summation over quark families of CKM matrices factors times a loop integral. This 
schematic formula shows explicitly how the CKM matrix unitarity, along with the near 
quarks masses degeneracies relative to the Z-boson mass scale (valid for all quarks with 
the exception of the top-quark) strongly suppresses flavor changing effects. Indeed, for 
the down- quark- ant iquark case, the Z-boson decays branching fractions, Bjjt, were esti- 
mated at the values, 1CT 7 for (bs + sb), 1CT 9 for (bd + db), 10~ n for (sd + ds), and the 
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corresponding CP asymmetries, Ajj>, at the values, [1CT 5 , 10~ 3 , 1CT 1 ] siiiSckm [48, 49], 
respectively. 

By contrast, flavor changing effects are expected to attain observable levels in several 
extensions of the standard model. Thus, one to three order of magnitudes can be gained 
on rates Bjj, in models accommodating a fourth quark family [48, 49]. For the two Higgs 
doublets extended standard model, a recent comprehensive study of fermion-antifermion 
pair production at leptonic colliders [51] quotes for the flavor changing rates, Bjj, m 
1(T 6 - lCT 8 for Z -> (6 + s) + (s + b) and ojj, w 10" 5 - KT 6 /?, where, R = a(e + + e~ -> 
u + + fj,~) = Ana 2 /(3s) = 86.8/ (\^s) 2 f 'barns (TeV)~ 2 . Large CP violation signals are 
also found in the reaction, pp — > tbX, in the two Higgs doublets and supersymmetric 
models [52]. 

For the minimal supersymmetric standard model, due to the expected nearness of 
superpartners masses to mz, flavor changing loop corrections can become threateningly 
large, unless their contributions are bounded by postulating either a degeneracy of the 
soft supersymmetry breaking scalars masses parameters or an alignment of the fermion 
and scalar superpartners current-mass bases transformation matrices. An early calcula- 
tion of the contribution to Z-boson decay flavor changing rates, Z — > qjqj', induced by 
radiative corrections from gluino-squark triangle diagrams of squarks flavor mixing, found 
[53] : Bjjr PS 1CT 5 . This result is suspect since a more complete calculation of the effect 
performed subsequently [54] obtained considerably smaller contributions. Both calcula- 
tions rely on unrealistic inputs, including a wrong mass for the top-quark and too low 
values for the superpartners mass parameters. It is hoped that a complete updated study 
could be soon performed. In fact, during the last few years, the study of loop corrections 
in extended versions of the standard model has evolved into a streamlined activity. For 
instance, calculations of loop contributions to the magnetic moment of the r-lepton or 
of the heavy quarks, such as those reported in [64] (two-Higgs doublets model) or in [65] 
(minimal supersymmetric standard model) could be usefully transposed to the case of 
fermion pair production observables. 

The information from experimental searches on flavor changing physics at high energy 
colliders is rather meager [66]. Upper bounds for the leptonic Z-boson branching ratios, 
Bjj,, are reported [67] at, 1.7 lCT 6 for (efi+jie), 9.8 1CT 6 for (er+fe) and 1.7 10" 5 for (p.r+ 
f/i). No results have been quoted so far for d— or u— quark pairs production, reflecting 
the hard experimental problems faced in identifying quarks flavors at high energies. The 
prospect for experimental measurements at the future leptonic colliders is brightest for 
cases involving one top-quark owing to the easier kinematical identification offered by 
the large mass disparity in the final state jets. For leptonic colliders at energies above 
those of LEP, the reactions involving the production of Higgs or heavy Z'-gauge bosons 
which subsequently decay to fermion pairs could be effective sources of flavor non-diagonal 
effects, especially when a top-quark is produced. At still higher energies, in the TeV 
regime, the production subprocesses involving collisions of gauge bosons pairs radiated by 
the incident leptons, as in l~ + l + — > W~ + W + + v + v, could lead to flavor non-diagonal 
final states, such as, v + v + t + c with rates of order a few fbarns [68] . 
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3.2 Choices of parameters and models 

Our main assumption in this work is that no other sources besides the R parity 
odd interactions contribute significantly to the flavor changing rates and CP asymme- 
tries. However, to infer useful information from possible future experimental results, we 
must deal with two main types of uncertainties. The first concerns the family struc- 
ture of the coupling constants. On this issue, one can only postulate specific hypo- 
theses or make model-dependent statements. At this point, we may note that the ex- 
perimental indirect upper bounds on single coupling constants are typically, A < 0.05 
or A' < 0.05 times w ^ eV , except for three special cases where strong bounds exist : 
A' m < 3.9 10- 4 ( 1 J^) 2 ( e T5 g^, (OuPP- decay [22]) A' 133 < 2 lO" 3 (is e mass [21]) and 

\' imk < 2. 10~ 2 ( i^^ ), [i, k = 1,2,3; m = 1,2], (K -> tivv [17]). Strong bounds have 
been derived for products of coupling constants pairs in specific family configurations. 
For instance, a valuable source for the A^ coupling constants is provided by the rare 
decays, e ; ~ — > e~ + e~ + e+ [19], which probe the combinations of coupling constants, 
Fabcd = Ei(^rf YKabKcd- Except for the strong bound, F 2 112 + F| m < 4.3 lO" 13 , {pt -> 
3e] the other combinations of coupling constants involving the third generation are less 
strongly bound, as for instance, F 2 113 + F 2 ni < 3.1 10~ 5 [r — > 3e] [19]. Another useful 
source is provided by the neutrinoless double beta decay process [23, 22, 24]. The strongest 
bounds occur for the following configurations of flavour indices (using the reference value 
rh = lOQGeV) : A' 113 A' 131 < 7.9 x 10" 8 , A' 112 A' 121 < 2.3 x lO" 6 , Ai 2 n < 4.6 x 10~ 5 , quoting 
from [24] where the initial analysis of [23] was updated. Finally, the strongest bounds 
deduced from neutral mesons (BB, KK) mixing parameters are : F[ 311 < 2 10~ 5 , F[ 331 < 

3.3 10~ 8 , F{ 221 < 4.5 10- 9 , [19], where F' abcd = E.(^) 2 KaA 

v iL 

The second type of uncertainties concerns the spectrum of scalar superpartners. At 
one extreme, are the experimental lower bounds, which reach for sleptons, 40 — 65 GeV, 
and for squarks, 90 — 200 GeV, and at the other extreme, the theoretical naturalness 
requirement which sets an upper bound at 1 TeV. 

In order to estimate the uncertainties on predictions emanating from the above two 
sources, it is necessary to delineate the dependence of amplitudes on sfermion masses. 
Examining the structure of the relevant contributions to flavor changing rates for, say, 
the lepton case, we note that the t-channel exchange tree amplitudes are given by a 
onefold summation over sfermions families, J2i l^jj'l/^h involving the combination of 
coupling constants, tjj, = XhjX^j,. The typical structure for the leptonic loop amplitudes 
is a twofold summation over fermions and sfermions families, J2ij ^jj<F l jji{s + ie), where 
^jj' = ^ijJ^ijj'y an d the loop integrals, Fjj,, have a non-trivial dependence on the fermions 
and sfermions masses, as exhibited on the formulas derived in subsections 2.1, 2.2 and 2.3 
[see, e.g., eq. (2.20)]. 

The effective dependence on the superparticle masses involves ratios, m'j/m 2 or s/fh 2 , 
in such a way that the dependence is suppressed for large rh. (Obviously, s = m 2 z for 
Z-boson pole observables.) In applications such as ours where, s > m|, all the fermions, 
with the exception of the top-quark, can be regarded as being massless. In particular, 
the first two light families (for either /, d, u) should have comparable contributions, the 
third family behaving most distinctly in the top-quark case. A quick analysis, taking 
the explicit mass factors into account, indicates that loop amplitudes should scale with 
sfermions masses as, (s/rh 2 ) n , with a variable exponent ranging in the interval, 1 < n < 2. 
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Any possible enhancement effect from the explicit sfermions mass factors in eq.(2.20) is 
moderated in the full result by the fact that the accompanying loop integral factor has 
itself a power decrease with increasing rh 2 . Thus, the Z-boson pole rates should depend 
on the masses rh roughly as (l/m 2 ) 2n , while the off Z-boson pole rates, being determined 
by the tree amplitudes, should behave more nearly as (1/m 2 ) 2 . As for the asymmetries, 
since these are given by ratios of squared amplitudes, one expects them to have a weak 
sensitivity on the sfermion masses. 

To infer the physical implications on the RPV coupling constants, we avoid making 
too detailed model-dependent assumptions on the scalar superpartners spectrum. Thus, 
we shall neglect mass splittings between all the sfermions and set uniformly all slep- 
tons, sneutrinos and squarks masses at a unique family (species) independent value, rh, 
chosen to vary in the wide variation interval, 100 < rh < 1000 GeV. This prescription 
should suffice for the kind of semi-realistic predictions at which we are aiming. This ap- 
proximation makes more transparent the dependence on the RPV coupling constants, 
which then involves the quadratic products designated by tjj, (tree) and tjj, (loop), 
where the dummy family indices refer to sfermions (tree) and fermion-sfermions (loop). 
For off Z-boson-pole observables, flavor non diagonal rates are controlled by products of 
two different couplings, |tjj>| 2 , and asymmetries by normalized products of four different 
couplings, Irn(tjj,ljj,) /\t l jj, | 2 . For Z-boson pole observables, rates and asymmetries are 
again controlled by products of two and four different coupling constants, \ljj,\ 2 and 
Im{l % j 3 j*l l jj l )/\l t J j l | 2 , respectively. Let us note that if the off-diagonal rates were domina- 
ted by some alternative mechanism, the asymmetries would then involve products of four 
different coupling constants rather than the above ratio. 

It is useful here to set up a catalog of the species and families configurations for the 
sfermions (tree) or fermion-sfermions (loop) involved in the various cases. In the tree 
level amplitudes, these configurations are for leptons : tjj, = X i jiX* J , 1 , v iL (£-type), 
tjj' = ^hjKu'i (7^-type) ; for d-quarks, tjj, = A'^jA'^j/, u 3 l (7^-type) ; for u-quarks, 
tjj' = A'ljfcA'ij/fc, dkR (£-type). In the loop level amplitudes, the coupling constants and 
internal fermion-sfermion configurations are for leptons : 

1% = A'^A'^, [(-*), (5 )]; 1%, = \* Jk \j>k, (*) (£-type) ; 

I'ir A, ; ,A; ; . r . [(£), [(£)] (^type) ; 
for d-quarks : 

&' = a^aW, [(&)> til); (&)> (i)l(^ype); 

for u-quarks, 

/^ = a^au, (£)] (£-ty P e). 

We shall present numerical results for a subset of the above list of cases. For leptons 
and d-quarks, we shall restrict consideration to the TZ-type terms which contribute to the 
Z-boson vertex function, Ar. We also retain the sleptons-quarks internal states for d-quark 
production (involving A^j/A^ j) and the sleptons-leptons for lepton production (involving 
For the up-quark production, we consider the £-type terms (involving A^A^) 
and, for the off Z-boson pole case, omit the term ip LR in eq.(2.22) in the numerical results. 

Since the running family index in the parameters relevant to tree level amplitudes 
refers to sfermions, consistently with the approximation of a uniform family independent 
mass spectrum, we may as well consider that index as being fixed. Accordingly, we shall 
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set these parameters at the reference value, tjj, = 10~ 2 . In contrast to the off Z-boson pole 
rates, the asymmetries depend non trivially on the fermion mass spectrum through one 
of the two family indices in tjj, {% or j) associated to fermions. To discuss our predictions, 
rather than going through the list of four distinct coupling constants, we shall make certain 
general hypotheses regarding the generation dependence of the RPV interactions for the 
fermionic index. At one extreme is the case where all three generations are treated alike, 
the other extreme being the case where only one generation dominates. We shall consider 
three different cases which are distinguished by the interval over which the fermions family 
indices are allowed to range in the quantities, Vjj,. We define Case A by the prescription 
of equal values for all three families of fermions (i = 1,2,3); Case B, for the second 
and third families (i = 2, 3) ; and Case C, for the third family only (i — 3). For all three 
cases, we set the relevant parameters uniformly at the reference values, = 10~ 2 . While 
the results in Case C reflect directly on the situation associated with the hypothesis of 
dominant third family configurations, the corresponding results in situations where the 
first or second family are assumed dominant, can be deduced by taking the differences 
between the results in Cases A and B and Cases B and C, respectively. 

In order to obtain non-vanishing CP asymmetries, we still need to specify a prescrip- 
tion for introducing a relative CP-odd complex phase, denoted ip, between the various 
RPV coupling constants. We shall set this at the reference value, ip = n/2. Since the 
CP asymmetries are proportional to the imaginary part of the phase factor, the requisite 
dependence is simply reinstated by inserting the overall factor, sin^. Different prescrip- 
tions must be implemented depending on whether one considers observables at or off the 
Z-boson pole. The Z-boson pole asymmetries are controlled by a relative complex phase 
between the combinations of coupling constants denoted, Fjj, only. For definiteness, we 
choose here to assign a non-vanishing complex phase only to the third fermion family, 
namely, arg(l l jj,) = [0, 0, 7r/2], for [i or j = 1, 2, 3]. In fact, a relative phase between light 
families only would contribute insignificantly to the Z-boson pole asymmetries, because 
of the antisymmetry in a — > a! in eq.(2.9) and the fact that F^ J (m 2 z ) are approximately 
equal when the fermion index in a = belongs to the two first families. The off Z- 

boson pole asymmetries are controlled by a relative complex phase between the tree and 
loop level amplitudes. For definiteness, we choose here to assign a vanishing argument to 
the coupling constants combination, t l jj, appearing at tree level and non-vanishing argu- 
ments to the full set of loop amplitude combinations, namely, arg{l l jj,) = tt/2, where the 
fermion index (i or j as the case may be) varies over the ranges relevant to each of the 
three cases A, B, C. 

3.3 Numerical results and discussion 

Z-boson decays observables 

We start by presenting the numerical results for the integrated rates associated with 
Z-boson decays into fermion pairs. These are given for the d-quarks, leptons and u-quarks 
cases in Table 3. We observe a fast decrease of rates with increasing values of the mass 
parameter, m. Our results can be approximately fitted by a power law dependence which 
is intermediate between fh~ 2 and m~ 3 . Explicitly, the Z-boson flavor non diagonal decay 
rates to d-quarks, leptons and u-quarks, are found to scale approximately as, Bjji m 
C ti 'tm , ' ) 2 i. m §r^) 2 ' b x 10~ 9 [5., 1., 2.], respectively. When a top-quark intermediate state 
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is allowed in the loop amplitude, this dominates over the contributions from the light 
families. This is clearly seen on the d-quarks results which are somewhat larger than 
those for up-quarks and significantly larger than those for leptons, the more so for larger 
fh. This result is explained partly by the color factor, partly by the presence of the 
top-quark contribution only for the down-quarks case. For contributions involving other 
intermediate states than up-quarks, whether the internal fermion generation index in the 
RPV coupling constants, \jk, runs over all three generations (Case A), the second and 
third generations (Case B) or the third generation only (Case C), we find that rates get 
reduced by factors roughly less than 2 in each of these stages. Therefore, this comparison 
indicates a certain degree of family independence for the Z-boson branching fractions for 
the cases where either leptons or d-quarks propagate inside the loops. 

Proceeding next to the CP-odd asymmetries, since these are proportional to ratios 
of the RPV coupling constants, it follows in our prescription of using uniform values 
for these, that asymmetries must be independent of the specific reference value chosen. 
As for their dependence on m, we see on Table 3 that this is rather strong and that 
the sense of variation with increasing fh corresponds (for absolute values of Ajji) to 
a decrease for d-quarks and an increase for u-quarks and leptons. The comparison of 
different production cases shows that the CP asymmetries are largest, O(10 _1 ), for d- 
quarks at small fh ~ lOOGeV, and for u-quarks at large fh ~ lOOOGeV. For leptons, the 
asymmetries are systematically small, 0(1CT 3 — 1CT 4 ). The above features are explained 
by the occurrence for d-quarks production of an intermediate top-quark contribution and 
also by the larger values of the rates at large fh in this case. The comparison of results in 
Cases A and B indicates that the first two light families give roughly equal contributions 
in all cases. 

For Case C, the CP-odd asymmetries are vanishingly small, as expected from our 
prescription of assigning the CP-odd phase, since Case C corresponds then to a situa- 
tion where only single pairs of coupling constants dominate. Recall that for the spe- 
cific cases considered in the numerical applications, namely, 7£-type for d-quarks and 
leptons and £-type for u-quarks, the relevant products of RPV coupling constants are, 
Xijj/X'ijj, A* j/Ajjj, XijkKj'ki respectively, where the fermions generation index amongst 
the dummy indices pairs, (ij), (ik), refers to the third family. Non vanishing contribu- 
tions to Ajji could arise in Case C if one assumed that two pairs of the above coupling 
constants products with different sfermions indices dominate, and further requiring that 
these sfermions are not mass degenerate. Another interesting possibility is by assuming 
that the hypothesis of single pair of RPV coupling constants dominance applies for the 
fields current basis. Applying then to the quark superfields the transformation matrices 
relating these to mass basis fields, say, in the distinguished choice [17] where the flavor 
changing effects bear on u-quarks, amounts to perform the substitution, A^- fc — > A^ fc V^, 
where V is the CKM matrix. The CP-odd factor, for the d-quark case, say, acquires then 
the form, hn(l'jj.r( r ) -> lA^A^^MCVt)^^)^^)*.,^)^,), whe re the second 
factor on the right-hand side is recognized as the familiar plaquette term, proportional to 
the products of sines of all the CKM rotation angles times that of the CP-odd phase. 

It may be useful to examine the bounds on the RPV coupling constants implied by 
the current experimental limits on the flavor non diagonal leptonic widths [67], Bj X f, < 
[1.7, 9.8, 17.] 10~ 6 for the family couples, [J J' = 12, 23, 13]. The contributions associated 
with the A interactions can be directly deduced from the results in Table 3. Choosing the 
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value, rh = 100 GeV, and writing our numerical result as, Bjj> ( ^qqi'' ) 2 ^ 10 _9 > then 
under the hypothesis of a pair of dominant coupling constants, one deduces, A^-jA*^ < 
[0.46, 1.1, 1.4], for all fixed choices of the family couples, i, j. (An extra factor 2 in 
Bjji has been included to account for the antisymmetry property of A^.) For the A' 
interactions, stronger bounds obtain because of the extra color factor and of the internal 
top-quark contributions. A numerical calculation (not reported in Table 3) performed with 

a'* a' 

the choice, rh = lOOGeV for Case C, gives us : Bjj, « ( Jj fc f jfc ) 2 1.17 10~ 7 , which, by com- 
parison with the experimental limits, yields the bounds : X jj k X'jij k < [0.38, 0.91, 1.2]10 -1 , 
for the same family configurations, [J J' = 12, 23, 13], as above. These results agree in 
size to within a factor of 2 with results reported in a recently published work [69]. 

Fermion anti-fermion pair production rates 

Let us now proceed to the off Z-boson pole observables. The numerical results for 
the flavor non-diagonal integrated cross sections and CP asymmetries are shown in Table 
3 for two selected values of the center of mass energy, y/s = 200 and 500 GeV. The 
numerical results displaying the variation of these observables with the center of mass of 
energy (fixed rh) and with the superpartners mass parameter (fixed yfs) are given in Fig.4 
and Fig.5, respectively. All the results presented in this work include both photon and 
Z-boson exchange contributions. We observe here that the predictions for asymmetries are 
sensitive to the interference effects between photon and Z-boson exchange contributions. 

We discuss first the predictions for flavor non diagonal rates. We observe a strong 
decrease with increasing values of rh and a slow decrease with increasing values of y/s. 
Following a rapid initial rise at threshold, the rates settle at values ranging between (10 — 
10 _1 ) fbarns for a wide interval of rh values. The dependence on rh can be approximately 

represented as, ^jjV[&| 2 (^) 2 " 3 ] ~ (1 10) fbarns ^ i?( IT ^) 2 (10- 1 1). The 
rate of decrease of ojji with rh slows down with increasing s. It is interesting to note 
that if we had considered here constant values of the product A (rh/100GeV), rather than 
constant values of A, the power dependence of rates on rh would be such as to lead to 
interestingly enhanced rates at large rh. 

The marked differences exhibited by the results for lepton pair production, apparent 
on windows (c) and (d) in Figures 4 and 5 are due to our deliberate choice of adding the 
s-channel v pole term for the lepton case while omitting it for the d-quark case. The larger 
rates found for leptons as compared to d-quarks, in spite of the extra color factor present 
for d-quarks (recall that the — > fjfj' reactions rates for down-quarks and up-quarks 
pick up an extra color factor N c with respect to those for leptons) is thus explained 
by the strong enhancement induced by adding in the sneutrino exchange contribution. 
This choice was made here for illustrative purposes, setting for orientation the relevant 
coupling constant at the value, \uj> =0.1. The v propagator pole was smoothed out 
by employing the familiar shifted propagator prescription, (s — m~ + impTc,)^ 1 , while 
describing approximately the sneutrinos decay width in terms of the RPV contributions 

alone, namely, r(z>; -> + /+) = and r(z>; -> d k + dj) = N c ^^. 

Proceeding next to the CP-odd asymmetries, we note that since these scale as a 
function of the RPV coupling constants as, Jm(/jj,/jj,*)/|fjj,| 2 , our present predictions 
are independent of the uniform reference value assigned to these coupling constants. If the 
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generational dependence of the RPV coupling constants were to exhibit strong hierarchies, 
this peculiar rational dependence could induce strong suppression or enhancement factors. 

The cusps in the dependence of Ajj> on y/s (Fig. 4) occur at values of the center of 
mass energy where one crosses thresholds for fermion-antifermion (for the energies under 
consideration, tt) pair production, y/s = 2m /, and scalar superpartners pair production, 
y/s = 2m. These are the thresholds for the processes, l~ + / + — > // or l~ + l + — > /'/'*) 
at which the associated loop amplitudes acquire finite imaginary parts. Correspondingly, 
in the dependence of Ajj> on m (Fig. 5) the cusps appear at m = y/s/ 2. We note on the 
results that the it contributions act to suppress the asymmetries whereas the //* contri- 
butions rather act to enhance them. Sufficiently beyond these two-particle thresholds, the 
asymmetries vary weakly with m. A more rapid variation as a function of energy occurs in 
the leptons production case due to the addition there of the sneutrino pole contribution. 

The comparison of results for asymmetries in Cases A, B, C reflects on the depen- 
dence of loop integrals with respect to the internal fermions masses. An examination of 
Table 3 reveals that for leptons and up-quarks, where intermediate states involve leptons 
or d-quarks, all three families have nearly equal contributions. The results for down-quarks 
production are enhanced because of the intermediate top-quark contribution, which do- 
minates over that of lighter families. However, this effect is depleted when the finite 
imaginary part from tt sets in. The asymmetries for up-quarks production assume values 
in the range, 1CT 2 — 1CT 3 , irrespective of the fact that the final fermions belong to light 
or heavy families. 

4 Conclusions 

The two-body production at high energy leptonic colliders of fermion pairs of different 
families could provide valuable information on the flavor structure of the R parity odd 
Yukawa interactions. One can only wish that an experimental identification of lepton and 
quark flavors at high energies becomes accessible in the future. Although the supersym- 
metric loop corrections to these processes may not be as strongly suppressed as their 
standard model counterparts, one expects that the degeneracy or alignment constraints 
on the scalar superpartners masses and flavor mixing should severely bound their contri- 
butions. Systematic studies of the supersymmetry corrections to the flavor changing rates 
and CP asymmetries in fermion pair production should be strongly encouraged. 

An important characteristic of the R parity odd interactions is that they can contri- 
bute to integrated rates at tree level and to CP asymmetries through interference terms 
between the tree and loop amplitudes. While we have restricted ourselves to the subset 
of loop contributions associated with Z-boson exchange, a large number of contributions, 
involving quark-sleptons or lepton-squarks intermediate states in various families confi- 
gurations, could still occur. The contributions to rates and asymmetries depend strongly 
on the values of the R parity odd coupling constants. Only the rates are directly sensitive 
to the supersymmetry breaking scale. To circumvent the uncertainties from the sparticles 
spectrum, we have resorted to the simplifying assumption that the scalar superpartners 
mass differences and mixings can be neglected. We have set the RPV coupling constants 
at a uniform value while sampling a set of cases from which one might reconstruct the 
family dependence of the RPV coupling constants. We have also embedded a CP com- 
plex phase in the RPV coupling constants in a specific way, meant to serve mainly as an 
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illustrative example. Although the representative cases that we have considered represent 
a small fraction of the host of possible variations, they give a fair idea of the sizes to 
expect. Since these processes cover a wide range of family configurations, one optimitistic 
possibility could be that one specific entry for the family configurations would enter with 
a sizeable RPV coupling constant. 

The contributions to the flavor changing rates have a strong sensitivity on the RPV 
coupling constants and the superpartners mass, involving high powers of these parame- 
ters. We find a generic dependence for the flavor changing Z-boson decay branching ratios 
of form, ((f5x) 2 (^) 2 ' 5 10~ 9 . For the typical bounds on the RPV coupling constants, it 
appears that these branchings are three order of magnitudes below the current experi- 
mental sensitivity. At higher energies, the flavor changing rates are in order of magnitude, 
((nH~) 2 (^) 2 ~ 3 (1 — fbarns. Given the size for the typical integrated luminosity, 
C = 50/6~ 1 /year, anticipated at the future leptonic machines, one can be moderately 
optimistic on the observation of clear signals. 

The Z-boson pole CP-odd asymmetries are of order, (1CT 1 — 1CT 3 ) sin^. For the off 
Z-boson pole reactions, a CP-odd phase, ip, embedded in the RPV coupling constants 
shows up in asymmetries with reduced strength, (1CT 2 — 1CT 3 ) sinip for leptons, d-quarks 
and u-quarks. The largely unknown structure of the RPV coupling constants in flavor 
space leaves room for good or bad surprises, since the peculiar rational dependence on 
the coupling constants, im( AA*AA*)/A 4 , and similarly with A — > A', may lead to strong 
enhancement or suppression factors. 
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FlG. 3: Flavor changing rates and CP asymmetries for d-quarks, leptons and u-quarks 
pair production in the three cases, appearing in line entries as Cases A, B and C, which 
correspond to internal lines belonging to all three families, the second and third families 
and the third family, respectively. The results for d-quarks and leptons, unlike those 
for up-quarks, are obtained in the approximation where one neglects the final fermions 
masses. The first four column fields (Z-pole column entry) show results for the Z-boson 
pole branching fractions Bjji and asymmetries, Ajj>. The last four column fields (off Z- 
pole column entry) show results for the flavor non-diagonal cross sections, <Jjj', in fbarns 
and for the asymmetries, Ajj>, with photon and Z-boson exchanges added in. The results 
in the two lines for the off Z-boson pole are associated to the two values for the center of 
mass energy, s 1 / 2 = 200, 500 GeV. The columns subentries indicated by rh correspond to 
the sfermions mass parameter, m = 100, 1000 GeV. The notation d — n stands for 10~™. 
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Fig. 4: Integrated flavor non-diagonal cross sections (left hand side windows) and asym- 
metries (right hand side windows) as functions of the center of mass energy in the pro- 
duction of down- quark- ant iquark pairs (two upper figures (a) and (6)), lepton-antilepton 
pairs (two intermediate figures (c)and (d)) and up- quark- ant iquark pairs of type tc+ ct 
(two lower figures (e) and (f)). The tree level amplitude includes only the t-channel contri- 
bution for the d-quark case, both t- and s-channel exchange contributions for the lepton 
case, and the u-channel exchange for the up-quark case. The one-loop amplitudes, with 
both Z-boson and photon exchange contributions, include all three internal fermions ge- 
nerations, corresponding to Case A. Three choices for the superpartners uniform mass 
parameter, m, are considered : lOOGeV (continuous lines), 200GeV (dashed-dotted lines), 
500GeV (dashed lines). 
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Fig. 5: Integrated flavor non-diagonal cross sections (left hand side windows) and CP- 
odd asymmetries (right hand side windows) as functions of the scalar superpartners mass 
parameter, m, in the production of down- quark- ant iquark pairs (two upper figures (a) and 
(b)), lepton-antilepton pairs (two intermediate figures (c)and (d)) and up-quark-antiquark 
pairs of type tc or ct (two lower figures (e) and (f)). The tree level amplitude includes 
only the t-channel contribution for the d-quark case, both t- and s-channel exchange 
contributions for the lepton case, and the u-channel exchange for the up-quark case. The 
one-loop amplitudes, with both photon and Z-boson exchange contributions, include all 
three internal fermions generations, corresponding to Case A, with three families running 
inside loops. Three choices for the center of mass energy, s 1 / 2 , are considered : 200Gel / 
(continuous lines), 500GeV (dashed-dotted lines), lOOOGeV (dashed lines). 
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Polarized single top production at 
leptonic colliders from broken R 
parity interactions incorporating CP 

violation 



The contribution from the R parity violating interaction, X^^LiQjD^, in the associated 
production of a top quark (antiquark) with a charm antiquark (quark) is examined for 



distributions for the signal events is evaluated and the results contrasted against those from 
the standard model W-boson pair production background. The sensitivity to parameters 
(R parity violating coupling constants and down-squark mass) is studied at the energies 
of the CERN LEP-II collider and the future linear colliders. Next, we turn to a study of 
a CP-odd observable, associated with the top spin, which leads to an asymmetry in the 
energy distribution of the emitted charged leptons for the pair of CP-conjugate final states, 
blue and blue. A non vanishing asymmetry arises from a CP-odd phase, embedded in the 
R parity violating coupling constants, through interference terms between the R parity 
violating amplitudes at both the tree and loop levels. The one-loop amplitude is restricted 
to the contributions from vertex corrections to the photon and Z-boson exchange diagram. 
We predict unpolarized and polarized rate asymmetries of order 0(1CT 3 ) — 0(1CT 2 ). An 
order of magnitude enhancement may be possible, should the R parity violating coupling 
constants \'^ k exhibit a hierarchical structure in the quarks and leptons generation spaces. 



M. Chemtob, G. Moreau 

Service de Physique Theorique 
CE-Saclay F-91191 Gif-sur-Yvette, Cedex France 



Phys. Rev. D61 (2000) 116004, hep-ph/9910543 



Abstract 




391 



1 Introduction 



The flavor non diagonal fermion-antifermion pair production, l~l + — > fjf,j>, where 
J 7^ J' are flavor labels, represents a class of reactions where the high energy colliders could 
contribute their own share in probing new physics incorporating flavor changing and/or 
CP violation effects. As is known, the standard model contributions here are known to be 
exceedingly small, whereas promising contributions are generally expected in the standard 
model extensions. (Consult ref. [1] for a survey of the literature.) Of special interest is the 
case where a top quark (antiquark) is produced in association with a lighter (charm or up) 
antiquark (quark). The large top mass entails atop lifetime, r top = [1.56 GeV( 18 ™Q eV ) 3 ]~ 1 , 
significantly shorter than the QCD hadronization time, 1/Aqcd, which simplifies the task 
of jet reconstruction. [2] The top polarization effects also constitute a major attraction. 
[3, 4, 5, 6, 7] The large top mass entails a spin depolarization time of the top which is longer 
than its lifetime, Td epo i = [1.7MeV(^)] -1 > T top , thus providing an easy access to top 
polarization observables. Polarization studies for the top-antitop pair production reaction, 
in both production and decay, have been actively pursued in recent years. [8, 9, 10] (An 
extensive literature can be consulted from these references.) 

It appears worthwhile applying similar ideas to the flavor non diagonal fermion pair 
production process involving a single top production. This reaction has motivated seve- 
ral theoretical studies aimed at both leptonic (/~/ + , and 77) and hadronic (pp, pp) 
colliders. Exploratory theoretical studies have been pursued at an implicit level, via the 
consideration of higher dimension contact interactions [11, 12, 13], and at an explicit le- 
vel, via the consideration of mechanisms involving leptoquarks, [14] an extended Higgs 
doublet sector, [15, 16] supersymmetry based on the minimal super symmetric standard 
model with an approximately broken R parity, [1, 17, 18, 19, 20] quark flavor mixing, 
[21] standard model loops and four matter generations, [22, 23] or higher order standard 
model processes with multiparticle final states, l~l + — > tcuu. [24] A survey of the current 
studies is provided in ref. [12]. 

In this work, pursuing an effort started in our previous paper, [1] we consider a test of 
the R parity violating (RPV) interactions aimed at the top-charm associated production. 
Our study will focus on the contributions to the process, l~l + — > (tc) + (tc), arising at the 
tree level from the trilinear RPV interactions, X'^^iQjD^, via a d^R squark exchange. We 
examine the signal associated with the (electron and muon) charged semileptonic decay 
channel of the top, t — > bW + — > bl + u. The final states, (bl + uc) + (bl~vc), [I = e, /j] consist 
of an isolated energetic charged lepton, accompanied by a pair of b and c quark hadronic 
jets and missing energy. The standard model background may arise from the W-boson 
pair production reaction, — > W + W~ , and possibly, in the case of an imperfect b 
quark tagging, from the b — b quark pair production reaction, — > bb, followed by a 
semileptonic decay of one of the b quarks, b — > cl~u. 

The present work consists of two main parts. In the first part, we discuss the signal 
associated with the top semileptonic decay channel. We evaluate a set of characteristic 
dynamical distributions for the signal and for the standard model background and obtain 
predictions for the effective rates based on a judicious choice of selection cuts on the 
final state kinematical variables. Our discussion will develop along similar lines as in a 
recent work of Han and Hewett, [12] which was focused on the contributions initiated by 
the dimension, V — 6, four fields couplings of the Z-boson with fermion pairs and the 
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neutral Higgs boson. In the second part of the paper, we examine a specific CP-odd top 
polarization observable which corresponds to an asymmetry in the energy distribution of 
the final state charged lepton with respect to the sign of its electric charge. 

The contents of the paper are organised into 3 sections. In Section 2, we focus on the 
total and partial semileptonic decay rates for both the signal and standard model back- 
ground, allowing for the case of an imperfect b quark tagging. We discuss the constraints 
from the indirect bounds on the RPV coupling constants, study the dependence of rates 
on the down-squark mass parameter and evaluate a set relevant dynamical distributions 
that are of use in devising an appropriate set of selection cuts. In Section 3, we discuss a 
test of CP violation involving top polarization effects. The CP violating observable arises 
through interference terms between the tree and one-loop contributions to the amplitude 
and a CP-odd phase which is embodied in the RPV coupling constants. Following an 
approach similar to one used in earlier proposals, [6, 7] we describe the top production 
and decay by means of a factorization approximation and examine the induced charge 
asymmetry in the energy distribution of the final state charged leptons. The production 
amplitudes are evaluated in the helicity basis. Our main conclusions are summarized in 
Section 4. 



2 Top-charm associated production 

2.1 Integrated rates 

In a collision, the tree level transition amplitude for single top production, as 
initiated by the RPV interactions, X'^^iQjD^, proceeds via the w-channel exchange of a 

right-handed down-squark, dkR, as represented in Fig.l. By use of a Fierz ordering identity, 
the transition amplitude for the flavor non diagonal production of an up quark-antiquark 
pair, l~(k) + l + {k') — » uj{p) + ujr(p'), can be written in the form of a Lorentz covariant 
vectorial coupling, 

M t JJ ' = - v L (k')Yu L (k)u L (p) lfl v L (p'). (2.1) 

2{u — rrir ) 

We shall specialize henceforth to the case of electron-positron colliders, corresponding to 
the choice / = 1 for the generation index. The squared amplitude, summed over the initial 
and final fermion spins, reads : [1] 



J2\M t JJ '\ 2 = N c - 2 fjfj\ lQ(k.p')(k'.p). (2.2) 

The production rate for unpolarized initial leptons, integrated over the scattering angle 
in the interval, < | cos#| < x c , is given by the analytic formula, 



2 



Nc\Kj'k^iJk\ 2 <> n ■ /- ~ ■> 9 9x, ,11-— m 2 



a = 



[(■u_ — u + ) + (2m — rrij — rrij,) In 



64-7TS 2 ' u + — m 2 

(m 2 - m 2 )(m 2 - m 2 ,)( ^— ^— )], (2.3) 

Jjy Jjy u--m? u + -m 2,i 
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R 



FlG. 1: Feynman diagram for the tree level amplitude of the process, l + l — > ct — > cbl + u. 

where, tt± = m 2 j — ^J~s(E p ±px c ). For the top-charm associated production case, in the 
limit, mj = m t » mji = m c , one has, u + ~ mf — s, w_ ~ 0. For fully polarized initial 
beams, since the RPV amplitude selects a single helicity configuration for the initial state 
leptons, I^Ir, (left handed l~ and right handed Z + ) the corresponding polarized rate would 
be still described by the same formula as above, only with an extra enhancement factor of 
4. The predicted rates for tc production are controlled by quadratic products of the RPV 
coupling constants, A 13fc A' m , [k = 1, 2, 3] and the squark mass, ™g kR i denoted for short as, 
m. Allowing for the existence in the RPV interactions of an up-quark flavor mixing, such 
as would be induced by the transformation from flavor to mass basis, one may express 
the amplitude in terms of a single RPV coupling constant and the CKM matrix, V, by 
rewriting the coupling constant dependence as, A' m A'*i3fc — > ^iMk^'iM'ki^^M^iV^)*^, 
and selecting the maximal contribution associated with the configurations, M = M' = 2 
or 3. This yields the order of magnitude estimate, A 13fe A' m — > |A' m | 2 (V^)22(^)23 ~ 
2|A' m | 2 A 2 or 2|A' 13fc | 2 A 2 , respectively, where, A ~ sin# c ss 0.22, denotes the Cabibbo angle 
parameter. 

We pause briefly to recall the current bounds on the RPV coupling constants of interest 
in the present study. [25] The relevant single coupling constant bounds are, A' m < 4. x 
1CT 2 , A' 13fc < 0.37 (charged current universality) ; A'^ < 3 x 10 -2 (atomic physics parity 
violation) ; A' m < 0.3—0.4, X' 13k < 0.3 — 0.6 (neutral current universality) ; and A' 122 < 7.x 
10 -2 , A' 133 < 3.5 x 10~ 3 (neutrino Majorana mass). [26] The superpartners scalar particles 
masses are set at 100 GeV. Unless otherwise stated, all the dummy flavor indices for quarks 
and leptons are understood to run over the three generations. Using the above results for 
individual coupling constants bounds, we may deduce for the following upper bounds on 
the relevant quadratic products, [27] A' m A' m < [O(10~ 3 ), O(10- 2 ), O(10~ 4 )], [k = 1,2,3]. 
The indirect quadratic products bounds, A- jfc A-, 3A . < 1.1 xlO -3 , KjkK'jz < 1-lxlO" 3 , [i' = 
1,2] (B — > X q uu) are roughly comparable to these single coupling constants bounds. 
We also note that using the CKM flavor mixing along with a single dominant coupling 
constant in the current basis, as described at the end of the previous paragraph, may not 
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be especially beneficial in avoiding the above stronger pair product bound. The bound on 
the corresponding coupling constant factor, 2|A' 13fe | 2 A 2 < O(10~ 2 ), is competitive for the 
generation indices, k = 1,3. 

Numerical results for the integrated rates have already been reported in previous works 
[19, 1]. Setting the relevant RPV coupling constants at the reference value, A' = 0.1, one 
predicts rates of order 1 — 10 fb, for rh = 0(100) GeV. As the center of mass energy varies 
in the interval, y/s = 192 — 1000 GeV, the rates rise sharply from threshold, reaching 
smoothly a plateau around ~ 400 GeV. This contrasts with the predictions from gauge 
boson mediated higher dimension interactions [12] where the rise of the rates with incident 
energy is a more gradual one. The rates are also found to have a strong dependence on rh, 
which weakens for increasing center of mass energies. One may roughly parametrize the 
dependence on s and rh by the approximate scaling law, a pa (^j-) 2 (^-^^-) X ^ S K where the 
power exponent is a fastly decreasing function of energy, taking the approximate values, 
x(s) pa [3.65, 1.86, 0.94], at, = [0.192, 0.5, 1.] TeV. 

Although the predicted rates seem to be severely constrained by the above indirect 
bounds, one could envisage an optimistic scenario where the supersymmetry decoupling 
limit, rh — > oo, is realized with fixed values for the products, Kjk( 10 °^ eV ) ~ 0.1, consis- 
tently with the current indirect bounds. The results obtained with this prescription are 
displayed in Figure 2. The integrated rates now depend on rh as, a oc ? eV )~ A+xt - s \ 
which leads at high energies to an enhancement by up to three orders of magnitudes, 
compared to the case where the RPV coupling constants are taken independent of rh. 
The initial energy of LEP-II falls right in the regime where the cross section is sharply 
rising with increasing initial energy. The decrease with increasing rh is stronger at LEP-II 
energies than at the future linear colliders energies. Note that at the largest values of 
the superpartner mass, rh ~ 1. TeV, the RPV coupling constants in our prescription 
enter a strong coupling regime (A' = 0(1)) and it is not clear then whether the tree level 
prediction makes sense. 

Next, we consider the process incorporating the top semileptonic decay, as pictured 
by the Feynman diagram shown in Fig.l. We assume that the top decay is dominated by 
the electroweak semileptonic decay channel, with branching fraction, B(t — > b + W + ) pa 
1. We also include the pair of CP-conjugate final states, tc and ct production, which 
multiplies the rate by a factor of 2. Note, however, that we restrict ourselves to the 
Uji = c charm quark mode only. The numerical results for rates, including a branching 
fraction factor of | (experimental value, 21.1%) to account for the W — > lu, [I = e, fj] 
decay channels, are displayed in Table 15. We also show the standard model background 
rate from the VF-boson pair production, — > (W + W~) — > ( l + uuidj) + (l~vdjUi), with 
one PF-boson decay leptonically and the other hadronically, where %, j are generation 
indices. The irreducible background from, W~ — > cb or W + — > be, is strongly suppressed, 
due to the small branching factor, given approximately by, 0.32 1 V^fo| 2 ~ 5 10~ 4 . It is 
safer, however, to allow for the possibility where the light quark hadronic jets could be 
misidentified as b quark hadronic jets. Accounting for the leptonic decay for one of the 
PF-boson and the hadronic decay for the other PF-boson, introduces for the total rate, 
which includes all the subprocesses, the branching fraction factor, 2 x (21.1 ± 0.64)% x 
(67.8 ± 1.0)% = 0.286 ± 0.024. Our numerical results in Table 15 for the standard model 
background rates are in qualitative agreement with those quoted (a = [2252, 864] fb at 
S2 = [0.5, 1.] TeV) by Han and Hewett. [12] One should be aware of the existence of 
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(A) (tc+ct) (B) (tc+ct) 




100 400 700 1000 200 400 600 800 1000 1200 



Ts [GqV] m [GqV] 

Fig. 2: The total integrated rate for the RPV induced reaction, l + l~ — > (tc) + (tc), 
setting the values of the relevant coupling constants as, A' 12fe = X' 13k = 0.1 (m/100 GeV), 
is plotted in window (A) as a function of center of mass energy, s 1 / 2 for fixed down 
squark mass, rh = [100, 200, 500, 1000] GeV and in window (B) as a function of rh for 
fixed sa = [192, 500, 1000] GeV. We integrate over an interval of the scattering angle, 
< | cos#| < 0.9848, corresponding to an opening angle with respect to the beams axis 
larger than 10°. 



Energy (TeV) 


0.192 


0.5 


1.0 


Total rate a(fb) 


4.099 


4.291 


1.148 


Signal (fb) 


0.68 


0.91 


0.24 


W + W Background (fb) 


5076 


2080 


876 


Cut Signal (fb) 


0.54 


0.74 


0.21 


W + W~ Cut Background (fb) 


17. 


5.0 


2.6 



Tab. 15: Production rates for the top-charm production signal and the W-boson pair 
production background. The line entries give successively the total integrated rate for the 
reaction, l + l~ — > (tc) + (ci), using, A' = 0.1, rh — 100 GeV, the rate for signal events, 
(blue) + (blue), associated with the top semileptonic decay, the W-boson pair production 
background rate, — > W + W~ — > (l + uuidj) + (l~9djUi), and the corresponding cut 
signal and background rates, as obtained by applying the selection cuts quoted in the 
text. The results include the first two generations of charged leptons, I — e, /i. 



large loop corrections to the W + W production rate, especially at high energies. The 
predictions including the electroweak and QCD standard model one-loop contributions 
read, [28] a = [4624, 1647, 596] fb at = [0.192, 0.5, 1.] TeV. We conclude therefore 
that our use of the tree level predictions for the W + W~ background overestimates the 
true cross sections by [9%, 20%, 32%] at the three indicated energies. 
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Let us discuss briefly other possible sources of background. The next important contri- 
bution is that arising from the non resonant W-boson virtual propagation in the amplitude 
with the intermediate W + W~ bosons branching into four fermions (luqq'). This could be 
possibly estimated by subtracting the resonant contribution from the total background 
cross sections, weighted by the suitable branching factors, as independently evaluated by 
numerical methods in the literature. The results for the integrated total cross sections, 
l~l + — > (4/) + (4/ + 7), [29] including the initial state radiation and Coulomb corrections, 
indicate that the off-shell contributions amount to a small relative correction lower than 
0(10%). Alternatively, one may consider, after reconstructing the neutrino momentum 
from the missing energy, a procedure to impose suitable cuts on the bW invariant mass, 
aimed at suppressing the non resonant production background. 

One other potentially important background is that arising from the b — b quark pair 
production reaction, — > 7* jZ — > bb — > b(cl~v)-\-b(cl + v). [19] The numerically derived 
predictions for the rates, as obtained by means of the PYTHIA generator, are : a = 
[1.631 10 4 , 2.12 10 3 , 5.35 10 2 ] fb, at = [0.192, 0.5, l.]TeV. It would appear desirable, 
in view of these large predicted rates, to eliminate this background by performing a double 
b quark tagging analysis on the events sample. This can be performed at a reasonably 
low cost, given that the detection efficiency of b quark jets is currently set at 50%. If 
one performs a single b quark tagging, the rates for the corresponding events, l + l~ — > 
j*/Z — > bb — > (d~u)b, are reduced by a branching fraction, B{b — * civ) 10%, but this 
is compensated by the probability of misidentifying a light quark jet as a b quark jet, 
which lies at the small value of 0.4% with the current silicon vertex techniques. If no b 
quark tagging is performed at all, then the above large rates may make it necessary to 
resort to an analysis of isolation cuts of the type to be discussed in the next subsection. 

2.2 Distributions for the semileptonic top decay events 

In order to separate the signal from background, we consider the same set of charac- 
teristic final state kinematical variables as proposed in the study by Han and Hewett. 
[12] These are the maximum and minimum energy of the two jets, Ej Wh , E l ° w , the dijet 

invariant mass, Mjj, the charged lepton energy, Ei, and rapidity, yi = \ log . The 

1 Pi 1 

distributions in these 6 variables for the signal and background, at a center of mass energy, 
y^s = 0.5TeV, are plotted in Fig. 3. These numerical results were obtained by means of 
the PYTHIA [30] event generator. One notices marked differences between signal and 
background. The maximum jet energy distribution is uniformly distributed for the back- 
ground but sharply peaked for the signal, where the peak position is determined by the 
top mass and the incident energy as, m 2 = (m 2 — s + 2-/sE p ). The minimum jet energy 
is uniformly distributed for both signal and background, but happily the corresponding 
intervals are very partially overlapping. The signal events rapidity distributions for the 
maximum energy jet are more central for signal than background. A similar trend holds 
for the lepton rapidity distributions. The dijet invariant mass is a most significant variable 
in discriminating against the background due to its pronounced peak at the W mass. For 
the signal, the dijet invariant mass is uniformly spread out. Although we do not show here 
the distributions for the top mass reconstruction, this also features a strong contrast bet- 
ween a strongly peaked signal and a uniform background. The lepton energy distributions 
for the signal and background are peaked at the opposite low and high energy ends of 
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the physical interval, respectively. This is a familiar effect associated with the correlation 
between the W-boson spin polarization, which is predominantly longitudinal in the top 
decay and transverse in the direct W-boson decay, and the velocity of the emitted charged 
lepton. In the signal decay amplitude, t — * blu, the fact that the left handed b-quark must 
carry the top polarization, forces the lepton to travel with opposite velocity to that of 
top. In the background decay amplitude, W~ — > IP, the charged lepton is emitted with a 
velocity pointing in the same direction as that of the W-boson. Thus, the Lorentz boost 
effects on the emitted charged leptons act in opposite ways for the signal and background 
events. 

While the above distinctive features between signal and background events get further 
pronounced with increasing center of mass energy, opposite trends occur as the initial 
energy is lowered. The distributions at the LEP-II center of mass energy, y/s = 0.192 TeV, 
are plotted in Fig. 4. At this energy, the monovalued distribution for the signal jet, which is 
now the softer lower energy jet, is still well separated from the corresponding background 
jet distribution. So, this variable, along with the dijet invariant mass stand up as useful 
discrimation tests for the signal. By contrast, the energy and rapidity distributions for 
the maximum signal jet may not be easily distinguished from the background. Similarly, 
the lepton energy distributions in the signal and background are overlapping due to the 
small Lorentz boost effect. 

The distributions obtained with the RPV interactions are rather similar to those found 
with the higher dimension operator mechanism. [12] This is due to the formal structure 
of the RPV amplitude, involving an effective w-channel vector particle exchange. In fact, 
the selection cuts proposed by Han and Hewett [12] appear to be quite appropriate also 
in the RPV case, and, for convenience, we recapitulate below the cut conditions used to 
characterize the selected events. 

E\ ow < 20, Ef 9h > 60, E x > 0, 5 3j > 10, 5 t < 5, = 192] 

E\ ow > 20, Ef 9h > 200, Ei < 150, > 10, S t < 40, [y/s = 500] 
Ef w > 20, Ef 9h > 460, Ei < 350, 8jj > 10, 5 t < 100. [y/s = 1000] 
The above listed variables correspond to the minimum and maximum energy of the two 
jets, E l ° w , Ej Wh , the charged lepton energy, Ei, the distance between the dijet invariant 
mass and W-boson mass, Sjj = \Mjj —m w \, the distance of the reconstructed top mass to 
the true mass, S t = \m r t econst — m t \. The assigned numerical values are all expressed in GeV 
units. Besides the above cuts, we also impose the usual detection cuts on energies and 
rapidities, Ejj > 10 GeV, \rjjjl < 2, aimed at removing the particles travelling too close 
to the beam pipe. We allow for the detection efficiency of the particle energies only in 
an approximate way, namely, by accounting for the following approximate uncertainties, 
AE/E = 40%, 10%, on the jets and lepton energies, respectively, at the level of imposing 
the above selection cuts, rather than by the usual procedure of performing a Gaussian 
smearing of the particle energies. 

The numerically evaluated efficiencies on the signal and background events are, e$ — 
0.8, €b — 3.10~ 3 , with a very weak dependence on the center of mass energy and, 
for the signal, a weak dependence on the mass parameter m, which was set at m — 
100 GeV in the numerical simulations. After applying the cuts, the background rates 
are, ob^b = [17., 5., 2.] fb, and the signal rates, <7s e s — [0.68, 0.74, 0.21] fb, for 
yfs = [192., 500., 1000] GeV. The results for the cut signal and background rates, as 
given in Table 15, show that the background is very significantly reduced by the cuts. 
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The situation is clearly far more favorable for the future linear colliders than for LEP-II. 
Nevertheless, the number of surviving signal events is still one order of magnitude below 
that of the surviving background, so that the option of cutting down the background by 
means of a b quark tagging procedure is to be preferred since the ensuing reduction would 
be much more drastic. An integrated luminosity of C = 100 fb' 1 would lead to a number 
of signal events, (Ai 2fc Ai 3fc /10 -2 ) x O(30). 

We have also performed an indicative event generator study of the background, — > 
bb — > + hadrons, restricting consideration to the emitted charged leptons only. A jet 
reconstruction of the partonic level distributions is a task beyond the scope of the present 
work. We focus on the first charged lepton emitted during the semileptonic decays of 
the produced B, B mesons, since this carries the largest velocity. As seen on Fig. 3, the 
distribution for the first emitted charged lepton energy is peaked at low energies. One 
expects that the most energetic lepton is that produced in the semileptonic decays of the 
B mesons. The rapidity distribution is less central than for the signal and nearly overlaps 
with that of the W + W~ background. Therefore, imposing the additional lower bound cut 
on the lepton energy, say, at E t > 20 GeV, for = 500GeV, should be sufficient to 
appreciably suppress the b — 6 background without much affecting the signal. 

We may infer the reach with respect to the free parameters by evaluating the statistical 
significance ratio for a discovery, as defined by, a = ^g +B , S = cr s C, B = ctbC, where 
£ denotes the integrated luminosity. Setting this at the value, a — 3, corresponding to 
a 95% confidence level, one deduces a dependence of the RPV coupling constant as a 
function of the superpartner mass parameters for a fixed initial energy and integrated 
luminosity. The sensitivity reach contour plot for the relevant parameters, A' A' = A'^A^ 
and m = mj fe , is shown in Fig. 5. We note that the sensitivity limit on the product 
of coupling constants, A' A', scales with the luminosity approximately as, 1/VC. While 
the reach on the RPV coupling constants products, A^A'^ < O(10 _1 ), lies well above 
the current indirect bounds, this covers a wide interval of the down squark mass which 
extends out to ITeV. To compare with analogous collider physics processes, we note 
that while the flavor diagonal fermion pair production reactions, e~e + — > fjfj, may 
have a higher sensitivity reach, these are limited to information on the single coupling 
constants, A' ljfe [31]. The special reaction, e~e + — > bb, proceeding via a sneutrino s-channel 
resonance, may probe quadratic products such as, Ai3iA 333 , [32] or Ai 3 iA 311 [33] at levels 
of O(10 -3 ), but this is subject to the existence of a wide sneutrino resonance. The tb 
associated production at the hadronic Fermilab Tevatron [17, 18] and the Cern LHC [18] 
colliders can be initiated via a charged slepton en s-channel exchange. The sensitivity 
reach on the linear combination of quadratic coupling constants products, A^ n A^ 33 , is of 
order 10~ 2 — 10 _1 . This information should prove complementary to that supplied by 
our study aimed at the leptonic colliders. To conclude this brief comparison, we observe 
that the information provided by the single top production reaction appears to be rather 
unique in view of the very characteristic signature of the associated events. 
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Fig. 3: Normalized dynamical distributions associated with the signal events, — > 
(tc) + (tc) — > (bl + uc) + (bl~vc)i (dashed line) at m — 100 GeV, and the background 
events, l + l~ — > W + W~ — > (l^vqq 1 ) + (l~vqq'), (continuous line) at a center of mass 
energy, S2 = 500 GeV. The kinematical variables in the histograms, from left to right and 
up to down, are the jets maximum energy, the jets minimum energy, the rapidity for the 
highest energy jet, the di-jet invariant mass, the charged lepton energy and the charged 
lepton rapidity. The charged lepton energy and rapidity distributions are also plotted for 
the b — b background production events, l + l~ — > bb — > ^ + hadrons (dotted line). 

3 Top polarization observables and a test of CP vio- 
lation 

Should single top production become experimentally observable in the future, an im- 
portant next step to take is in examining tdpOpolarization observables. In this section, we 



top-charm versus W + W~ at 1 92 GeV 




Fig. 4: Same distributions as in Fig. 3, at a center of mass energy sa = 192 GeV. 

present an approximate study for the top semileptonic decay signal in top-charm associa- 
ted production aiming at a test of CP violation. We exploit an idea which was developed 
in early studies of t — i production. [5, 6] Interesting extensions are currently pursued 
[8, 9, 10]. The basic observation is that any CP-odd quantity depending on the top po- 
larization, such as the difference of rates between the pair of CP conjugate reactions, 
a{l~l + — > t L c) — a{l~l + — > i R c), can become observable by analyzing the top polarization 
through the kinematical distributions of its emitted decay {b quark or charged lepton) 
products. An especially interesting observable is the charged lepton energy distribution 
for a polarized top. Any finite contribution to the CP-odd observables must arise through 
an interference term involving imaginary parts of loop and tree amplitudes factors, the 



401 




0. 1 L- 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 

200 400 600 800 1000 1200 

fn [GeV] 



Fig. 5: Sensitivity reach plot for the RPV coupling constants product, A' m A' 13fc /0.01, 
as a function of the down squark mass, rh, for fixed center of mass energy, 
S2 = [192. , 500, 1000] GeV, and corresponding fixed integrated luminosity, C = 
[2., 100., 100.] fb^ 1 , using an acceptancy for the background, e B = 3 10 -3 , and an 
acceptancy for the signal, = 0.8, assumed to be independent of in. 

loop amplitude factor bringing a CP-even final state interaction complex phase with the 
CP-odd relative complex phase arising from the coupling constants in the product of loop 
and tree amplitudes. 

3.1 Helicity basis amplitudes 

Building on our previous work, [1] we shall combine the tree level RPV induced ampli- 
tude discussed in Section 2 with the one-loop RPV induced amplitude associated to the 
photon and Z-boson exchange diagrams, restricting ourselves to the vertex corrections in 
the electroweak neutral current vertices, r )fj{p)fj'{p') and Zfj(p)fj>(p'). The Z-boson 
vertex admits the general Lorentz covariant decomposition, 

r J /(Z) = l»(A J L J '(f)PL + A J /(f)P R ) + —!- a, u (p + P r(ia JJ '+ l5 d JJ '), 

m .j + m J' 

(3.1) 

where the vectorial vertex functions, A J L J ' R = A J L J ' R \ tree -\- A J L J ' R \i oap , have a tree level contribu- 
tion given by, A J L J ' R \ tree = Sjj>a LjR (f), a LtR (f) = 2T 3 L ' i? - 2Q(f) sin 2 W , and the tensorial 
vertex functions, a JJ , d JJ , are associated with the anomalous transition magnetic mo- 
ment and the CP-odd, P-odd electric transition dipole moment, respectively. An analogous 
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decomposition applies for the photon, = - asin 2 ew T J /' with a LjR (f) = 2Q(f), deter- 
mined by the electric charge Q(f). It is convenient to work with the Zfjfj/ vertex in the 
alternate Lorentz covariant decomposition, T^ J (Z) = 7 M (»4 — £>7 5 ) + \{p — p ') M (C — ©75), 
where the vertex functions, A, B, C, V, (omitting the up quarks generation indices J, J' 
for convenience) are related to the previously defined vectorial and tensorial ones, eq. 
(3.1), as, 

A = ^(/)+^(/)) + a^B4(^(/)-<(/)) + ^^- 
2 2 mj + rrtji 

C = a JJ ', V = id JJ '. (3.2) 

mj + mji mj + mji 

The one-loop Z-boson exchange amplitude may then be written in the form, 

M/ J '(Z) = (—^^v^^) la (a{e L )P L ^a{e R )P^u{k^) 2 \ , 

V2 cosfc'iy/ V / s — m| + zm z r z 

x A)[ 7 CT (-4 - i3 75 ) + \ip- PT(C - T>K)W, A')- (3.3) 

Combining the above loop amplitude with the RPV tree amplitude, eq. (2.1), which we 
rewrite as, 

M t JJ ' = nfn^i- i 5 )uuY(i -75K n = - ^ JkX ' lj ; k v (3.4) 

one obtains, 

M JJi = M JJ> + M J J' (Z) = [(Ga+ ^ + n) (7 M) _ (Q a+B + ft) (^J (7 M 75 ) 

- (Ga-^l + ^)(7 M 75)(7 M ) + (Ga-S + ^)(7 M 75)(7 M 7 5 ) 

+ lip-p'riGa+C^il) - Ga + V(^)( l5 ) - Ga^^Xl) + Ga~V( W ) ( 7s )], 

(3.5) 

where, a^ 1 = |(a^(e) ± a^(e)), and we have omitted writing the contractions of the 
Dirac spinors indices for the initial and final fermions, respectively. The photon exchange 
contribution can be incorporated by treating the parameters as operators acting on 
the vertex functions, A, B, C, V, by means of the formal substitutions, 

Ga±A = a L (e)±a„ {e ) ( A V 'if)±AV(!) +aJJ , 



1 1 



Gz ~ ( 2^7 S -m| + tm z iy G " ~ } 7 (3 - 6) 

Analogous formulas to the above ones hold for the other products, Ga ± B, Ga^C, Ga^V. 
We have labelled the vertex functions for the photon current by the suffix 7. The for- 
mulas expressing the RPV one-loop contributions to the vertex functions are provided 
in Appendix 1, quoting the results derived in our previous work. [1] The amplitude 
M JJ in eq.(3.5) may be viewed as a 4 x 4 matrix in the fermions polarization space, 
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(f(Pi tyfj'ip' i X)\M\l + (k' , (k, fi)). The various products in eq. (3.5) for the matrix 
elements with respect to the two pairs of Dirac spinors separate into 8 distinct terms. The 
calculation of the helicity amplitudes is most conveniently performed with the help of the 
'Mathematica' package. Of the 16 configurations only the 8 helicity off diagonal confi- 
gurations in the initial fermions are non vanishing. The explicit formulas for the helicity 
amplitudes are provided in Appendix 1. 



3.2 Charged lepton energy distribution 

The differential cross section for top production and decay is described in the factori- 
zation approximation. Ignoring the spin correlations, which corresponds to dropping the 
spin non diagonal contributions between the production and decay stages, yields : 

da = u^k\ v I d{cos9) £ \ M ^ ri+ - ^yv lp2 _ J + imtTt? dv ^ 

dVt = (27r) 3 8mt E A J M ^c(^ -» bl + u)\ 2 dEfdEf. (3.7) 

The production amplitude is denoted, M pro d, the top decay amplitude, Md ec , and A, A' = 
±1, are polarization labels, which will also be written for short as, ± . We shall assume a 
narrow resonance approximation for the top propagator, \p 2 — m 2 +im t Y t \~ 2 — > -^r5{p 2 — 
to 2 ). For the energies of interest, all the leptons and quarks, with the exception of the top, 
may be treated as massless. Two frames of interest are the laboratory rest frame 

and the top rest frame. The letters denoting momentun variables in the /~/ + center of 
mass (laboratory) frame are distinguished from those in the top rest frame by the addition 
of a star. Standard kinematical methods [34] can be used to transform variables between 
these frames. Exploiting the rotational invariance, one may conveniently choose to work 
in the spatial frame where the top momentum lies in the xOz plane (9, = 0) and the 
charged lepton points in an arbitrary direction described by the spherical angles, 6i,(f>i. 
The relations between angles may be obtained by use of the spherical triangle identities, 
for example, the angle between lepton and top reads, cos 9\ t = cos 9\ cos #+sin 9\ sin 9 cos (f>i. 
The Lorentz boost from the top rest frame to the laboratory frame, involves a velocity 
parameter, v = p/E p , (3 = p/E p , 7 = (1 — /3 2 ) -1 / 2 = E p /m t , and yields for the charged 
lepton momentum four vector and polar angle relative to the top momentum, Ef = 

7 (£, -*•£,), kf = k l + 1 v(^-E l ), cos^^gL. 

The top differential semileptonic decay rate has been thoroughly studied in the lite- 
rature. [35] One representation convenient for our purposes is the double differential rate 
with respect to the final charged lepton energy, Ef, and the final lepton and neutrino 
invariant mass squared, W 2 = (hi + k u ) 2 . The result for the unpolarized rate carries no 
dependence on the scattering angles and reads, quoting from ref.[35], 

dT t = NlG ^ d Xl [dy 



2 ' 



16tt 3 J "(1- yi) 2 + 7 

16tt 3 m t 7 £ (l + 7 2 )(l-zi)-£*i(zM-a;j) 

The kinematical variables for the emitted charged lepton and neutrino are defined as, 
xi = 2Ef/m t , y = W 2 /m 2 , [W = k t + k v ] with the bounds, < x t < x M , < y < 
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x i( x m ei) anc i we employ the following notations, iVj for the number of light lepton flavors, 
7 = T w /mw, £ = m t/ m wi x m = 1 — e 2 , e = '>Tib/ m t, tan -1 A = Artan|A| + 7r6 l (— A). 
Recall that the number of light lepton flavors, iVj, is set to Ni = 2 in our analysis. A 
useful trick to obtain the distribution with respect to the laboratory frame lepton energy, 
Ei, is to choose the top momentum along the Oz axis fixed frame and introduce the top 
rest frame electron energy by means of the change of variable, (Ei,cosOf) — ► (E t ,Ef), 
associated with the Lorentz boost between the top rest frame and the laboratory frame, 
Ei = 7_E*(1 + (3 cos Of). The result reads, 

dT t /■+! d 2 T t 2 r*t dxi d 2 T t 

dcos °l ^ETT—^ = —r75l — JZTT—^ i ( 3 - 9 ) 



dEi 7-i dE t dcosOf m t ^f3 J x ~ xi dxid cos Of , 

where the integration interval over xi is bounded at, xf — mt ^ ± ^ 



3.3 Top polarization observables 

An essential use will be made of the factorization property of the double differential 
distribution for the top decay semileptonic rate with respect to the emitted lepton energy 
and angle relative to the top spin polarization vector. This distribution is described at the 
tree level as, dE f d ^ s ^ = ^ 1+c ° s ^' , where, cos^ = s(p) ■ h, is the angle between the 
lepton momentum and the top spin polarization vector, s^ip), in the top rest frame. Equi- 
valently, dx ^ se * = fjf 1+c ° sV '' jjf-fffi. [35] As it turns out, this representation remains valid 
to a good approximation when one-loop QCD corrections are included. [36] We choose 
to describe the top polarization in the spin helicity formalism, using techniques familiar 
from previous works. [5, 37] The definition for the helicity basis Dirac spinors is provided 
in Appendix 1. Since the polarization axis coincides then with the top momentum, the 
dependence on ipi can also be simply rewritten as, (1 + cosipi)/^ = (1 + \cos0f)/2, such 
that, A = [—1,-1-1], correspond to [L,R] helicity, respectively. 

The helicity amplitudes associated to the pair of CP-conjugate processes are related 
by the action of CP as, < fxfy\M\l^l~ >^< f- X J-x\M\l+^lZ^ > ■ Unlike the process, 
l + l~ — > tt, where both the initial and final states are self-conjugate under CP, here only 
the initial state is self-conjugate, while the action of CP relates the different final states, 
tc and ct. Let us express the amplitudes for the pair of CP-conjugate processes as sums 
of tree and loop terms, M JJ ' = a + J2 a b a fa{s + ie), M JJ ' = Oq + J2 a Kfa{ s + ^), 
where the loop terms, b a f a (s + ie), are linear combinations with real coefficients of the 
vertex functions, Ajf' , A J ^' , a JJ ' , id JJ ' , with the energy dependent complex functions, 
f a (s + ie), representing the factors in loop amplitudes which include the absorptive parts. 
In terms of these notations, a CP asymmetry associated with the difference of rates for the 
pair of CP-conjugate processes in some given CP-conjugate configurations of the particles 
polarizations, can be written schematically as, 

| < XX'\M\fi'fi > | 2 - | < -A' - X\M\ -fi-fi' > | 2 oc J2 Im ( a o b a) Im (fa(s + ie)) 

- Yl Im(b a b*j)Im(f a (s + ie)fc(s + ie)). (3.10) 

a<a' 

Thus, the necessary conditions for a non vanishing polarized asymmetry to arise from the 
tree-loop interference term are a relative complex CP-odd phase between the tree and 



405 



loop coupling constants and an absorptive part from the loop terms. The angle integrated 
production rates for the CP-conjugate reactions, l + l~ — > tc and — > ct, for the case of 
polarized top and antitop, respectively, are obtained by summing over the polarization of 
the c, c quarks as, 

a(t L ) = a(t L c R ) + a{t L c L ), a(t R ) = a(t R c L ) + a(t R c R ), 

cr(t L ) = cr(t L c R ) + a{t L c L ), a(t R ) = cr(t R c L ) + a(t R c R ). (3.11) 

Forming the half differences and sums of rates, 5a = \(a(t L ) — a(t R )), 5a = \(a(t R ) — 
v(t L )), cr av = \{°{tL) + cr(t R )), a av = \{a{t R ) + a(t L ))], such that, a(t L:R ) = a av ± 
5a, a{t R> L) = a av ± 5a, one can define the following two CP-odd combinations, 

which will be designated as unpolarized and polarized integrated rate asymmetries. The 
above definition for the unpolarized asymmetry, A, is identical to the one studied in our 
previous work. [1] The asymmetries depend on the RPV coupling constants through the 

'* A' 

ratio of loop to tree amplitudes as, Im( yj k ,) J ' k ) oc sin^, where the dependence on 

Uk' U'k' 

the CP violation angle parameter, ip, reflects the particular prescription adopted in this 
study to include the CP-odd phase. The index k' refers to the d-squark generation in the 
tree amplitude and the indices %, k to the fermion-sfermion generations for the internal 
fermion-sfermion pairs, ^ ) , Q*' ) , in the loop amplitude. 

It is important not to confuse the above analysis with that of the top-antitop pair 
production, l~l + — > tt, where a CP-odd asymmetry observable for a single final state 
may be defined in terms of the difference of helicity configurations, ait^t^ — a{t R t R ). 
A non vanishing value for the corresponding difference of polarized rates can only arise 
via tree-loop interference terms involving the absorptive part of the top quark electric 
dipole moment, Im(d JJ ). [6, 7] One should note here that the one-loop contribution of 
the RPV A' interactions to im(<i/ J ) vanishes. Two closely related processes, which are 
amenable to an analogous treatment, are the bb quark pair [38] and r + lepton pair 
production. Double spin correlation observables for the latter reaction, /~/ + — > t~t + , 
have been examined in a recent work. [39] We note that the RPV A interactions can give 
a non vanishing contribution to Im{d J r J ). 

The results for the rate asymmetries are displayed in Fig. 6. The numerical results for 
the unpolarized case (window (A) in Fig. 6) update the results presented in ref. [1] since the 
present calculation includes the contributions from the Lorentz covariant tensorial (a^ u ) 
coupling which were ignored in our previous work. [1] The asymmetry for the polarized 
case (window (B) in Fig. 6) involves the difference of the spin helicity asymmetry in 
the total production cross sections for the CP mirror conjugate top and antitop mirror 
reactions. While this CP-odd polarized asymmetry is not directly observable, it enters as 
an important intermediate quantity in evaluating the measurable kinematic distributions 
of the top decay products dependent on the top spin. We have assumed all the relevant 
RPV coupling constants to be equal and set the CP-odd phase at simp = 1. The rapid 
change in slope for the fn = 200 GeV case are due to the threshold effect from the 
imaginary part in the superpartner one-loop contributions, which set at ^/s = 400 GeV. 
Aside from this large discontinuous contribution, one sees that both asymmetries comprise 
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another contribution which is nearly independent of m and increases smoothly with the 
initial energy. Both asymmetries, A and A po1 , take values of order a few 1CT 3 , reaching 
0(1CT 2 ) at the highest incident energies. 

The statistical uncertainties on the asymmetry may be evaluated in terms of the signal 
cross sections and the integrated luminosity by considering the approximate definition, 
SA = l/[C(a t5 + <Jf c )]2. Using the same input value for the luminosity C = 100. fb~ x at 
the three cm energies, y^s = [0.192, 0.5, 1.] TeV, along with the cut signal rates in Table 
15, we obtain statistical errors on the asymmetries of order O(10~ r ). These values lie 
nearly two order of magnitudes above the value obtained for the signal. At this point, it is 
important to observe that in getting the above estimates for the rates we have been using 
somewhat conservative assignments for the RPV coupling constants. As already noted, the 
single top production cross sections could possibly be two order of magnitudes larger if we 
were to use coupling constants values of order, A^A'^ ~ 10 _1 . Such values are compatible 
with the indirect bounds only for the extreme down squark mass m = 0(1 TeV) range. 
In the hypothetical case where the production rates would be enhanced by two order of 
magnitudes, the statistical errors on the asymmetries would correspondingly get reduced 
by a factor O(10~ r ), thereby reaching the same order of magnitude as the signal asymme- 
tries. Nevertheless, as plotted in window (A) of Fig. 6, the corresponding errors would still 
be somewhat larger than the signals. We should note here that the contribution to the 
one-loop amplitude from internal sfermion and fermion lines belonging to the third gene- 
ration is controlled by the coupling constants quadratic product, A323A333, which is subject 
to weak constraints. Should the RPV coupling constants exhibit a hierarchical structure 
with respect to the quarks and leptons generations, one cannot exclude the possibility of a 
factor 10 enhancement from the ratio, ^(X^X'^/ X^ 23 X' 133 ) . Such an order of magnitude 
gain on this ratio would raise the asymmetries up to (^(lO^ 1 ) bringing them well above 
the experimental uncertainties. Lastly, we observe that a more complete formula for the 
uncertainties on the asymmetries reads, (SA) 2 = 2(Sa t c) 2 [l — C + (1 + C)A 2 ]/ (<J t c + &tc) 2 , 
where we used equal standard deviations for the CP conjugate reactions rates, 5a t c = S<7t c , 
and denoted the correlated error on these two rates as, C =< 5a t cb&tc > l$°tc- Clearly, 
an improvement on the statistical treatment of the tc + ic events sample, allowing for 
a positive non vanishing value of the error correlation associated with the identification 
of isolated single negatively and positively charged lepton events, should greatly help in 
reducing the experimental uncertainties caused by the small event rates. 

The energy distribution for the negatively and positively charged leptons in the pair 
of CP-conjugate reactions may be defined as, 

da + 

< a+ >=< — - >=< a(t L )f L + a(t R )f R >, 

at,i 

< a >=< ^- >=< a(t R )f L + a(i L )f R >, (3.13) 

where the correlations between the top spin lepton momentum are described by the factors, 
Jl,r = |(1 T cos 0*), and the brackets stand for the angular integration. The occurrence 
of angular correlation factors of opposite signs in the t production case accounts for the 
kinematical fact that the antitop is oriented in space with a momentum —p. A CP-odd 
charge asymmetry observable with respect to the charged lepton energy distribution may 
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Fig. 6: The CP-odd production rate asymmetries as a function of the center of mass 
energy, sa, for fixed values of the down squark mass, rh = [100, 200, 500, 1000] GeV. 
The left hand plot (A) gives the unpolarized asymmetry, A = (a av — a av )/(a av + a av ). 
The upper bounds for the absolute values of the statistical errors on the asymmetries, as 
evaluated with A' m A' 13fc = 0.1, rh — 100 GeV and integrated luminosities C = 100. fb^ 1 
are shown as full circles. The right hand plot (B) gives the spin polarization dependent 
asymmetry, A po1 = (5a - 5a)/(a av + a av ). 



be defined by considering the following normalized difference of distributions, 

AA poi = <(t + >- <(J- > = (a av - a av ) + < (5a - 5a)(f L - f R ) > 
< a+ > + < a- > (a av + a av )+ < (5a + 5a)(f L -/«)>' 

The numerical results for the charged lepton energy distributions and for the above defined 
charge asymmetry in the lepton energy distributions are displayed in Fig. 7. (Note that the 
transverse energy distribution, in the plane orthogonal with respect to the top momentum, 
may be simply obtained as, = jj§r-^pr. The distribution in the plane orthogonal to 
the collision axis is less trivial to evaluate since this requires an additional integration over 
the lepton azimuthal angle.) The energy distributions for the unpolarized cross section 
essentially reproduce the results found in our above quoted event generator predictions, 
Fig.3. The energy distributions for the polarized asymmetry lie at values of order of 
magnitude, O(10~ 3 ), always retaining the same positive sign as the lepton energy varies. 
For a fixed energy of the emitted lepton, the asymmetry increases with the initial energy, 
reaching values of order O(10 -2 ). In window (B) of Fig.7 we have plotted the experimental 
uncertainties using the same inputs for the luminosities and the rates as in the discussion 
of the unpolarized asymmetries given above. To ease the comparison with experiment, we 
divide the charged leptons energy interval into three bins of width lOOGel^ each, centered 
at the three lepton energies, E t = (50, 150, 250) GeV. The statistical errors on the 
asymmetries in the energy distributions lie at the same level as those associated to the 
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Fig. 7: Energy distribution for the charged lepton as a function of the laboratory frame 
lepton energy, for a set of center of mass energy, 52 = [192, 500, 1000] GeV . The para- 
meters are set at, A' = 0.1, fh = 100 GeV. The left hand plot (A) gives the differential 
lepton energy distribution, The right hand plot (B) gives the asymmetry in the energy 
distribution for leptons of opposite charges in the CP-conjugate final state channels, (tc) 
and (ct) : AA po1 = - + The upper bounds for the absolute values 

of the statistical errors on the asymmetries, as evaluated with X' 12k X' 13k = 0.1 and with 
integrated luminosities, C = 100. are shown for three energy bins of width 100 GeV 

each, centered at the charged lepton energies, E\ = (50, 150, 250) GeV. The results for 
three values of the center of mass energy, 52 = [192, 500, 1000] GeV are displayed by 
full triangles, squares and circles. 

total asymmetries, so that similar conclusions should apply. Setting ourselves within the 
same optimistic scenario by using A^A'^, = 10 _1 and C = 100/6 -1 , we obtain expected 
errors of order O(10~ 2 ). These values are insufficient for a comfortable identification of a 
signal asymmetry. However, we reiterate, as in the above discussion, that an enhancement 
of the signal asymmetries to an observable level of O(10 _1 ), due to a hierarchical structure 
in the generation dependence of the A'j jfe , is a real possibility. 

4 Conclusions 

We have demonstrated that single top production through the RPV interactions could 
be observed at the future linear colliders or else be used to set bounds on the RPV 
coupling constants, A^A'^ < O(10~ 2 ), over a wide interval for the down squark mass, 
mj fefl < 1. TeV. The b quark tagging would help greatly to overcome the background. Even 
with an imperfect b quark tagging, it is still possible to drastically reduce the background, 
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from WW and bb, without much harming the signal. The analysis of top polarization 
observables via the semileptonic decay channel of the top allows to test for the presence 
of a CP violating complex phase, embedded in quadratic products of the RPV coupling 
constants. We have focused on the asymmetry in the energy distributions of the charged 
leptons in the CP-conjugate pair of final states, bl + uc and bl~uc, obtaining asymmetries 
of order 1CT 3 — 1CT 2 for the incident energies expected at the future leptonic colliders. 
These values lie somewhat below the anticipated limits of observability. However, it may 
be possible to obtain enhanced values of order 10 _1 , should the RPV coupling constants 
A^- fc exhibit large hierarchies with respect to the quarks or leptons generations. Future 
promising extensions might include analogous reactions accessible with lepton-photon or 
photon-photon colliding beams, Z7 — > tc, 77 tc, where the expected production rates 
are substantially larger than those for the l~l + colliders. 
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1 Helicity amplitudes and one-loop fi p vector boson 
vertex functions 

Helicity amplitudes. 

The helicity spin basis Dirac spinors for a fermion or an antifermion, of mass m and four 
momentum, = (E k = (k 2 + m 2 )a, A;), and polar coordinates, k = (9, 0), can be written 
in the form of direct products of the Dirac spinor two-component space with the the two- 

— * — * — * 

component space of Pauli helicity basis spinors, 4>\(k), satisfying, a ■ k(fi\(k) = \(f)\{k). In 

1 
-1 



the Dirac representation for the Dirac matrices, 70 = /3, 7 = /3a, 75 
spinors read, 



the 



u(k, A) = 
<f>-i(k) = 



1 

kX 

-sin(0/2)e 
cos(#/2) 



x <j> x (h), v(k,\) 
' (A;) 



■kX 
1 

cos(#/2) 
sin(0/2)e+^ 



x <P-\(k), 



where, e k = E k + m, k — \k\/(E k + m), and xa, [A = ±1], are the Pauli spinors in 
the basis with a fixed quantization axis identified with the spatial three-axis, Oz. The 
helicity basis spin eigenstates with a space parity reversed three momentum are defined 

as, M-k) = e-^ + ^'- x y\e-^y) yxX x> = Mk)\[o^-o, 

The 8 non vanishing helicity amplitudes for the process, l + (k', /i')+l~(k, /i) — > u A)+ 
uji(p' : A'), are listed in the formulas below : 

AT [-((1 + pp') (X, + X 2 ) + (p + p') (X 3 + X 4 )\ sin 2 (#/2), 
2T[(-l+pp') (X 1 + X 2 ) + (p-p' )X 3 + {p-p')X 4 
2p(p + p') (X 5 + X 6 ) + 2p(l + pp') (X 7 + X 8 )} sm(9), 
-AT [-(1 + pp" ) (-Xx + X 2 ) -(p + p') (X 3 - X 4 )\ cos 2 (#/2), 
2T [(-1 + pp' ) {-X 1 + X 2 ) + (-p + p' ) (X 3 - X 4 ) 
2p(p + p') (X 5 -X 6 )-2p(l + pp') (X 7 - X 8 ] sin(0), 
2T [(-1 + pp') (X 1 + X 2 ) + (-p + p')X 3 + (-p + p')X 4 
2p(p + p')(X 5 + X 6 )-2p(l + pp') (X 7 - X 8 )} sm(9), 
-AT [(1 + pp') (X, + X 2 ) + (p + p') (X 3 + X 4 )\ cos 2 (#/2), 
2T [(-1 + pp' ) (-X, + X 2 ) + (p-p') (X 3 - X 4 ) 
2p(p + p')(X 5 -X 6 ) + 2p(l + pp') (X 7 - X 8 )} sm(9), 
AT[-(l+pp') {X 1 - X 2 ) - {p + p 1 ) (X 3 - X 4 )\ sm\9/2). (1.2) 

The arguments refer to the fermions helicity in the following order, Mj((/i e +, h e -, hf, hj). 
The remaining helicity amplitudes, omitted from the above list, are understood to vanish 
identically. We denote by 9 the top scattering angle, cos 9 = k ■ p, by [E p , E'] — (s ± 
m 2 + m 2 ,)/2 v /s, the top and charm quarks energies, and use the following abbreviated 
notations, p = Ep l mj , P' = E ,+ mj/ , F = |[s(-Ep + «v)(-Ep + «V')] 5 5 along with the useful 
compact notations, 

X l = Ga + A + 11, X 2 = GaT A + 11, X 3 = Ga + B + K, X 4 = Ga~B + TZ, 

X 5 = ^Ga + C, X e = ^Ga'C, X 7 = ^Ga+V, X 8 = l -GaV, (1.3) 

where Ga^A, • ■ ■ are defined in eq. (3.6), TZ in eq. (3.4), and A, • • • , T>, in eq. (3.2). 



Mi 


= M(+-+-) 




M 2 


= M{+ - ++) 








+ 


M 3 


= M(- + +-) 




M 4 


= M(- + ++) 




M 5 


= M(+ ) 








+ 


M 6 


= M(+ - -+) 




M 7 


= M(- + ) 




M 8 


= M(- + -+) 
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One-loop RPV vector boson vertex functions. 

The one-loop vertex functions, as derived in [1], are given by the formulas, 



JJ ' ~ X ' u ' kKjk \a L {u) Bf ] + a(f L ) m f 2 C + a{f){2C 2A + 2 m 2 (C 12 - C 21 + C 23 - C 



A JJ - 



(4tt) 2 

+ a(f R ) - 2 C 24 - m f 2 C + mj 2 {C + 3C n - 2C 12 + 2C 2l - 2C 23 ) - m 2 j,C 12 )], 



(An) 2 

XiJ'kKjk m J + m J' 



mjmj,[2a{~f) {-C 23 + C 22 ) + a(f R ) (-C n + C 12 - 2C 23 + 2C 22 ) 
± mj[a(f R )(C n - C 12 + C 21 - C 23 ) 



\-id JJ, J (4tt) 2 4 
- a(/')(C' 11 + C 21 - C 12 - C 23 )\ + mj,[a(f R )(C 22 - C 23 ) + a(f )(C 23 - C 22 )\ 



The relevant configurations for the internal fermion and sfermion propagating in the 
loop are : (jQ = Qt fc ) , Q 6 ' ) . The notations for the Passarino-Veltman two-point and 

three-point integrals, as specified in our work, [1] are defined according to the following 
conventions, B$ = Ba{~P — p' ', to/, to/), = BA{—p,mf,mp), [A = 0, 1] and Ca = 

CA(—p,—p',mf,mp : mf),CA = CA(—p,—p',mj,,mf,mp). [A = 0,11,12,21,22,23] The 
integral functions with a tilde are associated with the one-loop diagram for the sfermion 
current. 
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Abstract 

We examine the effect of the R parity odd, lepton number violating, renormalizable in- 
teractions on flavor non-diagonal rates and CP asymmetries in the production of slepton 
pairs, e~ + e + — > enj + &H'j', [J 7^ J'], [H, H' = (L, R)] at leptonic colliders. The R pa- 
rity odd coupling constants are assumed to incorporate CP odd complex phases. The flavor 
changing rates are controlled by tree level amplitudes and quadratic products of different 
R parity violating coupling constants and the CP violating asymmetries by interference 
terms between tree and loop level amplitudes and quartic products. The consideration of 
loop amplitudes is restricted to the photon and Z-boson vertex corrections. We present 
numerical results using a family and (quarks and leptons) species independent mass para- 
meter, fa, for all the scalar superpartners and making simple assumptions for the family 
dependence of the R parity odd coupling constants. The flavor non-diagonal rates, o~jj>, 
vary in the range, (^) 4 2 — 20 fbarns, for sleptons masses rh < 400 GeV, as one spans 
the interval of center of mass energies from the Z-boson pole up to 1000 GeV. For sleptons 
masses, rh > 150 GeV, these observables could be of use at NLC energies to set useful 
bounds on the R parity odd coupling constants. The predicted asymmetries are in order of 
magnitude, Ajj> = f^f^ ^ 10~ 2 - 10~ 3 . 
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1 Introduction 



On side of the familiar low energy tests of CP symmetry non-conservation, a large 
number of tests have been developed over the years for high energy colliders [1, 2, 3]. 
The existing proposals have dealt with different types of CP odd observables (quark and 
leptons flavor aymmetries [4], spin polarization asymmetries [5, 6, 7], heavy quarks or 
leptons electric dipole moments [8], ...) and covered a wide variety of physical processes, 
ranging from decay reactions (Z, W ± gauge bosons [4, 9], Higgs bosons [10, 11] or top- 
quarks [12]) to production reactions (leptons-antileptons and light quarks-antiquarks pairs 
[4], single top-quarks [13], top-antitop-quark pairs [14, 15, 16], or superpartners pairs, 
X + X~ ', [17] qq, [18] and l + l~ [19, 20]). For lack of space, we have referred to those works 
from which one could hopefully trace the extensive published literature. 

One of the primary motivations for these high energy tests is the search for phy- 
sics beyond the standard model. The supersymmetry option is especially attractive in 
this respect since any slight generalization of the minimal model, allowing, say, for some 
generational non universality in the soft supersymmetry breaking parameters or for an 
approximate R parity symmetry, would introduce several new parameters, with a non 
trivial structure on quarks and leptons flavors which could accommodate extra CP viola- 
ting phases. As is known, high energy supercolliders are expected to provide for precision 
determinations of these supersymmetry parameters. Regarding the much studied slep- 
tons pair production reaction [21, 22, 23], one can define a simple spin-independent CP 
asymmetry observable in terms of the difference of integrated rates, (ajj> — (Jj'j), with 
ojj' = o"(e~ + e + — > e] + ej,), for the case of sleptons pairs of different flavors, J ^ J'. 
Recent works, based on the mechanism of sleptons flavor oscillations, have examined for 
correlated slepton pairs production, the flavor non-diagonal rates [24, 25] and the CP-odd 
flavor asymmetries, defined as, Ajj> = a a 1J '~+ a J '? [19, 20]. Encouraging values of order, 
Ajji w 10~ 3 were predicted at the next linear colliders (NLC) energies [19, 20]. While 
the rates, <Jjj>, depend on pairwise non-degeneracies in the sleptons mass spectra, the 
asymmetries, Ajj', entail the much stricter conditions that both non-degeneracies and 
mixing angles between all slepton flavors, as well as the CP odd phase, must not vanish. 

Our main observation in this work is that the R parity odd interactions could provide 
an alternative mechanism for explaining flavor non-diagonal CP asymmetries through 
possible complex CP odd phases incorporated in the relevant dimensionless coupling 
constants. While these interactions can contribute to flavor changing changing processes 
already at tree level, their contributions to CP asymmetries involve interference terms 
between tree and loop amplitudes. Two important questions then are, first, whether the 
contributions from the RPV (R parity violating) interactions, given the known bounds 
on the R parity odd coupling constants, could lead to observable production rates ; se- 
cond, whether the CP asymmetries could reach observable levels. We shall present in this 
work a study of the contributions to the CP asymmetries, in the reactions, e~ + e + — > 
&hj + e-Hj>-> [H = L,R, J'], at the high energy leptonic colliders, for center of mass 
energies from the Z-pole up to 1000 GeV. The RPV lepton number violating interactions 
are defined by the familiar superpotential, Wu- dd = J2ijk[\^ijkLiLjEf. + X'^QiLjD^]. A 
comparison with the oscillations mechanism should enhance the impact of future experi- 
mental measurements of these observables at the future high energy colliders. 

The contents are organized into 3 sections. In Section 2, we develop the basic formalism 
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(a) (b) (c) 

FlG. 1: Flavor non-diagonal process of e~e + production of a sfermion-antisfermion pairs, 
e~(k) + e + {k') — > e]{p) + ej,{p'). The tree level diagram in (a) represents a neutrino, 
/ = v, t-channel exchange amplitude. The loop level diagram in (6) represents 7— and 
Z— boson exchange amplitudes with dressed vertices and that in (c) box amplitudes. 



for describing the scattering amplitudes at tree and one-loop levels for the production of 
slepton pairs, e^e^ and e^e^. In Section 3, we present and discuss our numerical results 
for the integrated cross sections and the CP asymmetries. 

2 Production of charged sleptons pairs 

2.1 General formalism 

The evaluation of spin-independent CP asymmetries in the production of a pair of 
sleptons, e~(k) + e + {k') — > e]jj(p) + e^,j,{p'), of different flavors, J 7^ J', with chiralities, 
H = (L,R), H' = (L,R), involves both tree and loop amplitudes. Let us start with 
the case of two left-chirality sleptons, H — H' — L. At tree level, the R parity odd 
couplings, \jki give a non- vanishing contribution which is described by a neutrino, z/j, t- 
channel exchange Feynman diagram, as displayed in (a) of Fig. 1. The associated flavor 
non-diagonal amplitude reads : 

M&(e L ) = -%^vWP L (t-j)PMk). (2.1) 

Under our working assumption that flavor changing effects are absent from the super- 
symmetry breaking interactions, no other tree level contributions arise, since the gauge 
interactions can contribute, through the familiar neutralinos t-channel and gauge bosons 
s-channel exchanges, to flavor diagonal amplitudes, J = J', only. 

At one-loop level, there occurs 7— and Z— boson exchange amplitudes with dressed 
7//' and Zff vertices involving three-point vertex correction loop diagrams, as well 
as box diagrams, of the type depicted schematically in (6) and (c) of Fig.l. We shall 
restrict consideration to the one-loop triangle diagrams contributions in the gauge bosons 
exchange amplitude only. Defining the dressed vertex functions for the Z-boson coupling 
to sleptons of chirality Z^P) — > + W = L, R], by the effective Lagrangian, 

L = -W-&7rZ^(p,p% rj(p,j/) = (p-p%[a H (f H )5jj, + A J /(f,s + i6)l (2.2) 
z cos uw 

where, a(f H ) = a(f H ) = a H (f) = 2T"(f) - 2Q(f)x w , [x w = sin 2 9 W ] such that, a(e L ) = 
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— 1 + 2xw , a(eft) = 2xw, we can express the one- loop Z-boson exchange amplitude as 



1 



s — + im^r^ 

x (p-p')M^h)Sjj' + A J /(e,s + ie)\, (2.3) 

where the shifted complex argument, s + ie, is incorporated to remind us that the vertex 
functions are complex functions in the complex plane of the Z-boson virtual mass squared, 
s — (k + k') 2 — (p + p') 2 , to be evaluated at the upper lip of the cut along the positive 
real axis. In the dressed vertex function descibing the coupling, Zff*, eq.(2.2), we have 
omitted the Lorentz covariant proportional to, = (p + p') fM — (k + k')^, since this will 
give negligibly small lepton mass terms upon contraction in the total Z-boson exchange 
amplitude, eq.(2.3), with the initial state leptons vertex covariant. It is most convenient 
to describe the initial leptons polarizations in the helicity eigenvalue basis. In the limit of 
vanishing initial leptons masses, only the two helicity flip configurations, e^ef, e~^e\, are 
non vanishing. While the gauge bosons s-channel exchange contributes to both of these 
configurations, the R parity violating neutrino s-channel exchange contributes only to the 
first. The summed tree and loop amplitude, M JJ (e L ) = M^ r J ee {ei) + Mi J op {e L ), in the 
relevant configuration, namely, e R + e\ = e~(h = — |) + e + (h = |), reads : 



M JJ \e L ) = M(el + et^elj + ei iJ ,) = -^Ps sm0 
g \ 2 a(e R )A J L J '(e,s + ie) 



r A? n A 



Jl A iJ'l 



m 2 



2 cos 9w J s — m 2 z + imz^z 



(2.4) 



The Z-boson exchange contribution to the other helicity flip configuration, e^e^, is simply 
obtained by the substitution, a(e R ) — > a(ex,). We also note that the 7 exchange contri- 
bution has the same formal structure as that of the Z-boson exchange, and can be easily 
incorporated by adding to the above amplitudes the terms obtained by the replacements, 

_j_ ^ asin^ aLR{f) ^ 2g(/)) (s _ m 2 + lmzTz )-l ^ s -l ? along with the sub . 

stitution of Z-boson by photon vertex functions, A J L J ' R (e, s + ie) — > Ajf R (e, s + ie). The 
kinematical notations here refer to the center of mass system, where (3 = | = 9 is the 
scattering angle and the differential cross section for unpolarized initial leptons reads : 
da/dcos9 = 12 ^ sk J2 po i \M JJ \ 2 . (For unpolarized beams, one must remove the polariza- 
tion sums and multiply by a factor of 4. Our results agree with those quoted in [22].) De- 
noting the amplitude for the charge conjugate process, e~ +e + — > ejjj, + e^j, [H = L, R], 
by M JJ '(e H ) and using the simple relationship, M JJ ' (en) = M J ' J {en), one can describe 
the decomposition into tree and loop components for the pair of CP conjugate processes 
as, 

M JJ '(e H ) = + £ a J /Fl J \s + ie), M JJ ' (e H ) = a J /* + £ a J /*F^(s + ie). (2.5) 

a a 

A spin-independent CP asymmetry can be defined in the familiar way as the normalized 
difference of rates, 

\M JJ '(p M 2 — I M JJ '(p M 2 9 
= \mA^I\mA^ s Sp?'"W*(. + *», (2-6) 
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Fig. 2: One-loop diagrams for the dressed Zff* vertex. The flow of four-momenta for the 
intermediate fermions is denoted as, Z(P = k + k') — > f(Q) + /(<5') — > + fj>(p')- 



where we have assumed in the second step that the tree level flavor non-diagonal ampli- 
tude, do, dominates over the loop level amplitude, a a F a , and used the index a to label 
the internal states running inside the loop. 

2.2 Loop amplitudes 

The one-loop triangle diagrams, describing the dressed vertex functions, Zf L f£, arise 
in two distinct charge configurations, shown in Fig. 2 by the diagrams (a) and (6), which 
involve the d- and u-quark Z-boson currents, respectively. The associated vertex functions 
read : 

Ti( P y)\ a = -iNXj lk x J/3k 

Tr[P R (Q + m dk ) lfl (a{d L )P L + a{d R )P R ){-If + Q + m dk )P L {Q - p 1 + m Uj )\ 



x 



Q (-Q 2 +ml)(-(Q-p- p'f + <)(-(0 " P? + O 

r*(p,p% = -iNXj jk \'j, jk 

Tr[P R (Q + j) + m dk )P L (Q + j> + £ + m Mj .) 7At (a(M L )P L + a(u R )P R )(Q + m u .)] 

(-Q 2 + ™y(-(Q + P + P') 2 + + P) 2 + m 2 J 

(2.7) 

Applying the formalism of Passarino-Veltman [26], the vertex function from diagram (a) 
can be expressed in the form : 



2a(d L )m 2 d (C + C n - C 12 ) + a(d R ) ( B {2) + ^ 3) + IP ■ p(C n - C 

(2 



2(4tt) 

+ P 2 C + 2ml(-C n + C 12 ) - 2m 2 d C + 2m 2 u (C n - C 12 )) 



The conventions of ref. [26] are used for the two-point and three-point integral functions, 
B x [X = 0,1] and C x [X = 0,11,12,21,22,23,24]. For notational convenience, we 
have introduced the following abbreviations for the dependence on argument variables : 
B { x ] = B x (-p - p',m d ,m d ), B^ = B x (-p,m d ,m u ), B^ = B x (-p',m u ,m d ) and 
C x (—p,—p',m d ,m u ,m d ). The amplitude from diagram (6) can be obtained from that 
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of diagram (a) by performing the following substitutions : — > m u ., p — > p',Pl — > 
Pr, a{du)PH — * o-{uh)Ph, [H = L,R]. The self-energy contributions, which are represen- 
ted by the diagrams (c) in Fig. 2, with a single configuration only for the d- and u-quarks 
which propagate inside the loop, are most conveniently calculated through a considera- 
tion of the scalar fields renormalization factors Zjji. Starting from the schematic equa- 
tions for the scalar field <fi bare Lagrangian density, L = (p*{p 2 — m 2 + IT(p))0, where, 
II(p) = H\p 2 — m 2 il + • • •, one transfers from bare to renormalized quantities by applying 
the substitutions, <fi — > 0/(1 + 2 , m 2 — > m 2 (l + 11!) / (l + n ), such that the renormaliza- 
tion equations for the fields and mass parameters read, 0j = Zjjr(p r j, n , m 2 j, = Zj^m 7 ^ 7 }?, 
with Z — (1 + rii) -1 , Z m = (1 + n )(l + Ili) -1 , using a matrix notation for the flavor 
dependence. The self-energy contribution in the vertex function becomes then, 

A j /\se = [(Zjj.Z'jj,) 1 * - l]rj = 2N c ^^a L (e)B?\ (2.9) 

Grouping together the self-energy and the fermionic triangle diagram contributions, such 
that the total amplitudes read as, Aj/' '(e) = Aj/' (e) a + Aj/' (e)b, yields the final formulas : 



,././', , N c XjjkXj'jk 

I (4tt) 2 



2a(d L )m 2 d (C + C n - C 12 ) + a(d fl ) (pf + Pf + 2P • p(C n - C 12 ) 
+ P 2 C + 2m 2 (-C n + C 12 ) - 2m 2 C + 2m 2 (C n - C 12 )) + 2a(e L )Pf } , 

2aMm 2 (C + C n - C 12 ) + a(« L ) (b™ + Pf + 2P • p(C u - C 12 ) 



iJj'/~\ N c \'j jk \'j> jk 



2 (4tt) 2 

+ P 2 C + 2m 2 (-C n + C 12 ) - 2m 2 C + 2m 2 (C n - C 12 )) - 2a(e L )P 1 2) 



For notational convenience, we have split the self-energy contribution into two equal parts 
that we absorbed within the above two amplitudes, distinguished by the suffices a and b. 
Note that the arguments in the P- and C-integrals for the amplitude b are deduced from 
those of the amplitude a by replacing, d k — > Uj. To obtain these results we have used the 
mathematica routine package "Tracer" [27] and, for a cross-check, "FeynCalc" [28]. Avery 
useful check concerns the cancellation of the ultraviolet divergencies. We indeed find that 
the familiar [26] logarithmically divergent term, A, enters with the factors, +a(ei)— 2a(dn) 
(amplitude a) and a{ei) + 2a{ui) (amplitude b), whose total sum vanishes identically. 

The interactions associated with the coupling constants, A^, can also contribute at 
one-loop order. Exploiting the formal similarity between the A and A' interaction terms 
in the Lagrangian density, namely, L = —\ij k eiLdkRUjL — Kjk&iL&kRVjL H — dispenses us 
from performing a new calculation. The results can be derived from those in eq.(2.10) by 
substituting for the internal lines, d k — > e k , Uj — > Vj, and for the parameters, clh{u) — > 
auiy), a H (d) — > Off(e), ^jjk^'j'jk ~* Kjk^J'jk- 

Let us now turn to the production of right- chirality sleptons where analogous results 
can be derived. The tree level amplitude is related to that in eq.(2.1) by a simple chirality 
change, 

Mii{e R ) = -^^v{k')P R {lt-{>)P L u{k). (2.11) 

There occurs only one non-vanishing helicity flip configuration for the initial leptons, na- 
mely, e^e^, in which the neutrinos t-channel and the gauge bosons s-channel contributions 



(2.10) 
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interfere. The amplitude is given by a formula similar to eq.(2.4), except for the substi- 
tution in the second term, a^ejAjf (e, s + ie) — > a,L(e)A R J (e, s + ie). Concerning the 
one-loop contribution to the vertex function A R J (/), we find that the RPV interactions 
with the coupling constants A^ can only contribute, while those with \'^ k vanish identi- 
cally. Diagram (a) in Fig. 2 refers to an current and diagram (6) to a v\ current. The 
results can be derived by inspection from eq.(2.10) by substituting, Aj/^Aj^ — > 
djR -> e jL ,u jL -> z/ c R , e L -> and, accordingly, a(djy) -> a(e H ), a(ujy) -»• a(^), [if = 
L,i?], aiei) — > a(ejj). For definiteness, we quote the explicit formulas : 

aJJ'/z\ - N ° ^'/-/'V,./ 

• 1 /,' l e Ja - 



o , _ )2 L 2a( efi )m e 2 (C + C u - C 12 ) + a(e L ) (pf + + 2P • p(C u - C 
+ P 2 C + 2m 2 J (-C 11 + C 12 ) - 2m 2 e C + 2m 2 l/ (C 11 - C 12 )) + 2a(e R )si 2) , 

2 (4?r)2 L 2a(z/2K(C + C'n-C' 12 ) + a(^)^+5S 3) + 2P.p(C' 11 - 
+ P 2 C + 2m 2 (-C n + C 12 ) - 2m 2 C + 2m 2 (C n - C 12 )) - 2a(e R )Pi 



(2) 



( 



The discussion of the mixed chiralities cases, e^je^j,, e RJ e~^j,, [J 7^ J'] turns out to 
be quite brief. The tree level RPV contributions, which can only come from the A^ 
interactions, vanish identically for massless neutrinos. As for the one-loop contributions 
to the vertex, ^/l/r, this also vanishes up to mass terms in the internal fermions. Since 
flavor non-diagonal rates arise then from loop contributions only and CP asymmetries from 
interference of distinct loop contributions, one concludes that both observables should be 
very small. 

Finally, let us add here a general comment concerning the photon vertex functions, 
A"lr , which are given by formulas similar to those in eqs.(2.10) or (2.12) with the appro- 
priate replacements, ol,r(/) — > 2Q(f). Therefore, to incorporate the 7-exchange contri- 
butions in the total amplitudes (eq.(2.4) and related equations) one needs to substitute, 

anAe)A J L J R -> a R , L (e) ]T a(f)C f +2Q(e) sin 2 6 W cos 2 6 w [(s-m 2 z +tm z T z )/s} £ 2Q(f)C f , 

f f 

where we have used the schematic representation, A J L J ' R = J2f a (f)C f. 



3 Results and discussion 

Let us first comment briefly on the experimental observability of flavor non-diagonal 
sleptons pair production. One convenient non degraded signal here is that which corres- 
ponds to lepton pair final states, ejej,, which are produced through the two-body decay 
channels for sleptons, ej^j,] — > e^j j,j + Xi- Of course, in the broken R parity case, the pro- 
duced lightest neutralinos are unstable and could conceivably be reconstructed through 
their dominant decay channels which involve two leptons, or two jets, together with mis- 
sing energy. We shall not elaborate further on this issue, except to note that the efficiency 
factors at NLC energies for the flavor diagonal rates, assuming a stable x? ; and including 
rough detection cuts, such that the physical rates for the fermion pairs channels is, <Jjj'€, 
are typically set at e 30 % [25]. 
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FlG. 3: Integrated flavor non-diagonal cross sections and CP asymmetries in the produc- 
tion of slepton-antislepton pairs of left-chirality (L) (interactions A^- fc only) and of right- 
chirality (R) (interactions A^). The three windows on the left-hand side ((a), (c), (e)) 
show the variation with center of mass energy, s 1//2 , for three choices of the scalar super- 
partners mass parameter, rh : 60GeV (continuous lines), lOOGeV (dashed-dotted lines), 
150GeV (dashed lines). The three windows on the right-hand side ((b), (d), (/)) show 
the variation with scalar superpartner mass, rh, for three choices of the center of mass 
energy s 1 / 2 = 200GeV (continuous lines), 500GeV (dashed-dotted lines), lOOOGeV (da- 
shed lines). The tree level amplitude includes the t-channel exchange contribution. The 
one-loop amplitudes (with both photon and Z-boson exchanges) correspond to Case IV 
which includes the contributions from all three internal fermions generations. 
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Proceeding to the predictions, we observe that the main source of uncertainties concerns 
the RPV coupling constants. The sfermion mass eigenvalues are not known, but these pa- 
rameters appear explicitly through the kinematics. We shall neglect mass splittings and 
mixings between L- and R-sleptons. A unique sleptons mass parameter, m, will be used 
and varied in the interval, 60 < rh < 400 GeV. Regarding the RPV coupling constants, 
it is useful here to catalog the family configurations and intermediate states entering the 
calculations. Examining the structure of the flavor non-diagonal tree amplitudes, we note 
that these involve a onefold summation over leptons families weighted by the factors, 
tjj' = Kji^iJ'ii f° r L-sleptons and tjj, = A^jAjij', for R-sleptons. The loop amplitudes 
involve a twofold summation over leptons families of form, J2jk^jj>F : ' k (' m ji' m k, s + ie), 
where Ijj, depend quadratically on the RPV coupling constants while the loop inte- 
grals, F^ h , have a non-trivial dependence on the fermions masses, as exhibited on the 
formulas derived in Section 2 [see, e.g., eq. (2.10)]. The relevant coupling constants, 
the species and family configurations for the internal fermions are for L-sleptons, Ijj, = 
x 'jjk x 'j>jki [4, Uj\; 1% = \j jk \j> jk , [e fc , Vj] ; and for R-sleptons, Vj 3 , = \jj\*jj>, [ej, vf\. 
The dependence of rates on the RPV coupling constants has the schematic structure, 
ojj' — J2i\tjj'\ 2 , and that of CP asymmetries, Ajj> ~ J2ijk ^ m (^jj'^jj')/ Y,i\t l jj>\ 2 f° r 
L-sleptons and Ajj> ~ J2ijk ^ m (^jj'tj*j')/ Y^i \t l jj'\ 2 fo r R-sleptons. Therefore, rates (asym- 
metries) are controlled by two (four) RPV coupling constants in different family confi- 
gurations. Note the expected invariance of asymmetries under phase redefinitions of the 
fields. 

While the dependence on the mass of the exchanged neutrino family index in tjj, can 
be clearly ignored, that on the pair of indices in Pjj,, which involves the ratios of the 
masses of the appropriate internal fermions, m it j, to the external scale associated with 
the center of mass energy, \/s, can be ignored as long as, y/s >> m^j. Therefore, at the 
energies of interest, the only relevant fermion mass parameter is that of the top-quark. 
Instead of listing the various distinct family configurations for the quadratic (tree) or 
quartic (loop) products of the RPV coupling constants, we shall consider a set of specific 
assumptions concerning the family dependence. First, for the cases involving [e^kf] or 
[efc, Vj] internal states, neglecting neutrino masses, we need only account for the masses 
of charged leptons. For the case with [dk, Uj] internal states, we restrict consideration to 
the diagonal family configuration, namely, k = j. Second, we include a CP odd phase, 
ip, between t l jj, and all of the Pjj, or as the case may be. Finally, we consider the 
following four discrete choices for the variation intervals on which run the internal fermion 
indices indices, j = k or i, j. Case I : {1} ; Case II {2} ; Case III {3} ; Case IV {1, 2, 3}. 
In all these four cases, we set the relevant coupling constants at the reference values, 
tjj, = Vjj, = 10~ 2 , tjj, = 10~ 2 and use a maximal CP odd phase, arg(l*jj j ,' jk h l jj,) = ip — 
it/2. Because of the proportionality of asymmetries to the imaginary part of the phase 
factor, the requisite dependence may be simply reinstated by inserting a factor, sin^. To 
illustrate the dependence of asymmetries on the internal fermions families and on the A' 
or A interaction types, we display in Table 3 a set of representative results obtained for 
selected subsets of Cases I, II , III, IV. The reason is that the results for Cases I 
, II (light families) are identical in all cases, while those for Case III (heavy families) 
differ only for cases involving up-quarks. As one sees on Table 3, the interference between 
photon and Z-boson exchange contributions has a significant effect on the results. The 
strongly reduced values for the L-sleptons asymmetries found in Cases I for the A'A'* 
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^ 2 = 200 GeV s 1 ' 2 = 500 GeV 



m = 60 



rh = 60 



m = 100 



m = 200 



e L e L 

A'A'* 
I 



III 



Z -2.U-5 -3.3d -6 -2.6d - 6 -2 Ad - 6 

7 + Z -7.7d-5 -1.39d-5 -1.09d-5 -1.03d -5 

Z +2.6d-4 -1.6d-3 -1.8d-3 -2.3d - 3 

7 + Z -1.01d-3 +5.1d-3 +5.3d - 3 +8.1d-3 



AA* 
I 



III 



Z 

i + z 
z 

-i + Z 



-2.1d-5 
-7.69d-5 

-2.4d - 5 
-6.39d-5 



-3.3d -6 
-1.39d-5 

-5.5d-6 
+2.59d-6 



-2.6d-6 
-1.09d-5 



-3.4d - 
-5.06d 



6 



-2.4d - 6 
•1.03d -5 



-2.7d- 
-8.32d 



6 



§r e R 

AA* 

I Z -7.2d-3 -5.5d-3 -5 Ad - 3 -1 .2d - 3 

1 + Z -2.U-2 -1.83d -2 -1.80d - 2 -2.40d - 2 



Tab. 16: CP asymmetries, Ajj', in sleptons pair production at two values of the center 
of mass energy, s 1 / 2 = 200, 500 GeV and for values of the sleptons mass parameter, 
rh = 60, 100, 200 GeV, appearing in the column fields. For each case, the first line (Z) is 
associated with the gauge Z-boson exchange contribution and the second line (7 + Z) with 
both photon and Z-boson exchanges added in together. The contributions to left-chirality 
and right-chirality (e/je^) sleptons, induced by the \'^ k and \j k interactions, are 
distinguished by the labels, A'A *, AA*, respectively. Cases I , III correspond to internal 
fermions belonging to the first and third families, respectively. The notation nd — x stands 
for n 10 _a \ 

interactions and in all Cases for the AA* interactions, arise from the existence of a strong 
cancellation between the amplitudes termed (a) and (b) for nearly massless internal quarks 
or leptons. Case III with the A'A'* interactions is relatively enhanced thanks to the top- 
quark contribution (configuration t b). That the above cancellation is not generic to the 
RPV contributions is verified on the results for R-sleptons production, where all three 
families of leptons give nearly equal, unsuppressed contributions to loop amplitudes. 

In the currently favored situation where the RPV coupling constants are assumed 
to exhibit a strong hierarchical structure, the peculiar rational dependence of CP asym- 
metries on ratios of quartic products of the coupling constants, might lead to strong 
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enhancement factors. We recall the schematical structure of this dependence, Ajji oc 
[J2ijk I m (^jjk^'j'jkKji^ij'i)/ J2i\^uitfj'i\ 2 ]i an d n °te that the coupling constants invol- 
ving third family indices are amongst those that are the least strongly constrained. The- 
refore, assuming that the coupling constants take the values given by the current bounds 
from low energy constraints [29], one would obtain, 

Aj =3 ,j /=2 ^ [/mCA^aA^A'aaiA^J/lAiaiA'^l 2 ] « 90sin^. 

The dependence of rates and asymmetries on center of mass energy and sleptons 
masses are displayed for Case IV in Figure 3. Regarding the variation with energy (figure 
(a)), after a rapid rise at threshold (with the expected (3 3 j9-wave like behavior) the 
rates settle, roughly as m 2 /s, to constant values with growing energy, and vary inside 
the range, (^-) 2 20 — 2 fbarns, as one sweeps through the interval, rh E [60,400] 
GeV. The variation with rh (figure (b)) is rather smooth. For the envisaged integrated 
luminosities, C ~ 50 — 100 / 'barns" 1 /yr, these results indicate that reasonably sized 
samples of order 100 events could be collected at NLC. Noting that the dependence of 
rates on energy rapidly saturates for ^/s > rh, we conclude that the relevant bounds that 
could be inferred on quadratic products of different the RPV coupling constants, should, 
for increasing sleptons masses, become competitive with those deduced from low energy 
constraints, which scale typically as, [AA, A'A'] < O.l^lOOGeV/rh) 2 . The results in Fig. 3 
(c,d,e,f) for the CP asymmetries, Ajji, indicate the existence of a wide, nearly one order 
of magnitude, gap between L-sleptons with A *A' interactions and R-sleptons with A* A 
interactions, with values that lie at a few times 10~ 3 and 10~ 2 , respectively. 

In our prescription of using equal numerical values for the RPV coupling constants 
(tjj/ and /jj/) which control tree and loop contributions, the asymmetries are independent 
of the specific reference values chosen. In the event that the rates would be dominated 
by some alternative mechanism, say, lepton flavor ocillations, whereas RPV effects would 
remain significant in asymmetries, these would then scale as, Im{t l jj,Vjj,). It is instructive 
in view of such a possibility to compare with predictions found in the flavors oscillation 
approach. Scanning over wide intervals of values for the relevant parameters, [cos 29 r, x = 
Am/r], associated with the common values for all three mixing angles and ratios of 
families mass differences to the total sleptons decay widths, respectively, the authors of 
[25] found flavor non-diagonal rates which ranged between 250 and 0.1 fbarns for y^s = 190 
GeV and 100 and 0.01 fbarns for y/s~ = 500 GeV. Our predictions, a jr ~ (^) 4 2-20 
fbarns, which hold approximately for energies, y/s > rh, lie roughly in between these 
extreme values. On the other hand, the authors of [19] found CP asymmetry rates, Sjji = 
a j j' — a j' j ~ 3 — 16 fbarns. For comparison, our predicted asymmetry rates for the same 
quantity, namely, Sjjr = 2ojjiAjji ~ 10° — 10 _1 fbarns, lie around one order of magnitude 
below these values. It should be said, however, that the flavor oscillation contributions 
could have a stronger model dependence than the variation range exhibited by the above 
predictions, and that these predictions were obtained subject to assumptions that tend to 
maximize CP violation effects. The existing constraints, [30] which are mostly derived from 
low energy phenomenology, constrain only a small subset of the parameters describing the 
scalar superpartners mass spectra and generational mixings. 

To summarize, we have shown that moderately small contributions to flavor non- 
diagonal rates and CP violating spin-independent asymmetries in sleptons pair production 
could arise from the RPV interactions. These contributions seem to be of smaller size than 
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those currently associated with flavor oscillations, although the model dependence of pre- 
dictions in the flavor oscillation approach is far from being under control. An experimental 
observation of the non-diagonal slepton production rates would give information on qua- 
dratic products of different coupling constants, AA*. Owing to the smooth dependence of 
rates on the slepton masses, already for masses, rh > 100 GeV, it should be possible here 
to deduce stronger bounds than the current ones inferred from low energy constraints. 
The observation of CP violating asymmetries requires the presence of non vanishing CP 
odd phases in quartic products of the coupling constants, Im{\ k jj k \jijk\i.j\\ i ' i ji 1 ) 1 (and 
similarly with A — > A') which remain largely unconstrained so far. The peculiar rational 
dependence, im(AA*AA*)/A 4 , leaves room for possible strong enhancement factors. 
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Annexe A 
Dimensions 



Notons M, L et T les dimensions de masse, de longueur et de temps. L'action S a la 
dimension de la constante de Planck reduite h = h/2n, a savoir une dimension d'energie 
(ML 2 T~ 2 ) fois une dimension de temps : 

[S] = [h] = ML 2 T-\ (A.l) 

Le lagrangien £ etant relie a Taction par, 



S 



J Cd 4 x, (A.2) 



il a la dimension suivante, 



puisque, 



[C\ = ML- l T~\ (A.3) 



[d 4 x] = L 3 T. (A.4) 

Tout au long de cette these, nous adoptons les 2 hypotheses simplificatrices c = 1, 
c etant la celerite de la lumiere, et h — 1 qui ont respectivement pour consequence que 
L = T et M = L~ 2 T, d'apres Eq.(A.l). Dans le cadre de ces 2 hypotheses, nous avons 
done, 

M = L" 1 = T" 1 . (A.5) 

Prenant l'unite de masse comme unite de reference, les dimensions de Taction, de d A x et 
du lagrangien sont, selon Eq.(A.5), 

[S] = 0, [d 4 x] = -4 et [C] = 4. (A.6) 

Les termes de masse d'un champ de spin 1/2 if) (a 4 composantes) et d'un champ scalaire z 
s'ecrivant C = mipijj et £ = m 2 z*z, nous deduisons de Eq.(A.6) les dimensions suivantes, 

M = I \A = i ^ [d,] = [A] = i. (a.7) 
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Resume 



L 'extension supersymetrique du Modele Standard peut contenir des interactions vio- 
lant la symetrie dite de R-parite. La presence de tels couplages engendrerait une violation 
des nombres leptonique et/ou baryonique et modifierait en profondeur la phenomenologie 
de la supersymetrie aupres des futurs collisionneurs de particules. Nous avons developpe 
des tests des interactions violant la R-parite. D'une part, nous avons etudie des signaux 
clairs de la production d'un seul partenaire supersymetrique de particule du Modele Stan- 
dard, qui implique les couplages violant la R-parite, dans le cadre de la physique aux 
prochains collisionneurs leptoniques et hadroniques. Les resultats montrent que de fortes 
sensibilites pourront etre obtenues sur les parametres de brisure douce de la supersymetrie 
et indiquent la possibilite d'une amelioration d'un a deux ordres de grandeur des limites 
indirectes actuelles sur les valeurs de plusieurs constantes de couplage violant la R-parite. 
De plus, il a ete verifie que l'analyse de la production d'un seul superpartenaire offre 
l'opportunite de reconstruire de fagon independante du modele theorique diverse masses 
de superpartenaires avec une grande precision. D 'autre part, nous avons etudie des effets 
de violation de la symetrie CP aux futurs collisionneurs leptoniques dans la production 
de paire de fermions de saveurs differentes, ou de leur superpartenaire, permettant de 
mettre en evidence d'eventuelles phases complexes des constantes de couplage violant 
la R-parite. Nous avons vu notamment que la production d'un quark top accompagne 
d'un quark charme permet de tester la violation de CP dans le secteur hadronique. La 
conclusion de ces travaux est que les phases complexes de certaines constantes de couplage 
violant la R-parite pourraient etre observees, et plus particulierement dans un scenario 
ou ces couplages exhiberaient une grande hierarchie dans l'espace des saveurs. 



